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CHAPTER 1

LITERATURE REVIEW
TISSUE INTERACTIONS IN DEVELOPMENT

Following gastrulation, developing embryos are composed of three

layers of cells known as the germ layers" the external layer, the ectoderm will
form the skin, epidermis, and the nervous system; the mesoderm will form
connective tissue, muscles, and the vascular and urogenital systems; and the

internal layer, the endoderm will form the gastro-intestinal system.

Many of

these organ systems arise as the result of tissue interactions.
Tissue interactions can be defined as those interactions in which the

development and differentiation of one tissue requires the presence of
another tissue. Through these interactions, dissimilar cell populations can
act upon one another and change their cellular behavior, metabolic activities

and genetic expression. Tissue interactions have been shown to play

necessary roles in the development and differentiation of most, if not all,
organs of vertebrate embryos (Grobstein, 1964; Holtzer, 1968; Lash and Burger,
1977; Wessels, 1977). Much of the pioneering work in establishing the

importance of tissue interactions in development can be traced to Spemann
and his colleagues, at the University of Freiberg (Spemann, 1938). The lens
was one of the first embryonic structures to be examined for inductive

interactions, and the presence of the optic cup was

necessary for lens

development in the frog (Spemann, 1901). When a piece of dorsal lip of a
donor blastopore was heteroplastically transplanted to a host embryo

(Triturus cristatus to Triturus taeniatus), a whole system of additional

organs

appeared on the side of the embryo where the graft was placed (Spemann and
Mangold, 1924). It was also demonstrated that the differentiation of the
neural tube, brain, and the midline skeletal axis required a previous
interaction between chordamesoderm and ectoderm during gastrulation

(Spemann, 1938). This phenomenon in which the differentiation of one
tissue can be shown to require the

presence or the products of another tissue

was named embryonic induction (Spemann, 1938). The necessary tissue or

substance was called the inducer. Induction can be defined as the process by
which stable, permanent changes in one population of cells result from

signals sent by adjacent, different cell populations. In the early 1950’s,
experiments on mouse embryos (Grobstein 1951, 1953, 1955) firmly established
the concept of embryonic induction-a phenomenon in which the progressive
differentiation of one tissue can be shown to require the presence or the

products of another tissue. Mesenchymal induction is involved in
differentiation of thymus gland epithelium (Auerbach, 1960), pancreas and

skin (Wessels, 1964a, b). Numerous reports have documented that tissue
interactions are essential for progressive stepwise morphogenesis, pattern

formation and differentiation of many cell populations, all of which result in

organogenesis and further coordination of separate tissues or organs into
functional units (Grobstein, 1964, 1967; Holtzer, 1968). Therefore, in

development,

it is gastrulation which initially creates these

differing cell

populations by spatial reorganization of cells. The subsequent interaction of
these populations facilitates differentiation and represents a major means by
which the original genetic material of the fertilized egg can be regulated and

differentially expressed in adult cells (Wessels, 1977- see page 37).

II.

TYPES OF TISSUE INTERACTIONS
One of the fundamental questions concerning tissue interactions is

whether the inducing tissue imparts specific information to the responding
tissue or whether it presents a non-specific stimulus which triggers the

response in an already determined group of cells, or both. There are two types
of induction: instructive and permissive (Holtzer, 1968; Sax6n et al., 1976;

Wessels, 1977). In instructive or directed interactions, the inducer actively
directs the responding tissue to behave in a specific way. Instructive
interactions direct responding tissues to differentiate

along pathways they

would not normally have followed, and the result is the expression or new

genetic information and an altered phenotype. For example, in murine tooth

development, the dental papilla, as an inducer, can elicit enamel organ
formation not only in oral epithelium (Kollar and Baird, 1970b; Thesleff,

1977) but also in non-oral foot pad epithelium (Kollar and Baird, 1970b). In
contrast, permissive interactions function to enhance, to maintain, and to

stabilize a particular phenotype in already determined tissues. The effect of

the inducer in this interactions is nonspecific. For example, many different

embryonic mesenchymal tissues can induce metanephric secretory tubule
formation (Unsworth and Grobstein, 1970), but these same tissues cannot
induce tubule morphogenesis in foreign non-metanephrogenic embryonic

mesenchyme (Sax6n, 1970).
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Epithelial-Mesenchymal Interactions (EMI)

Epithelial-mesenchymal interactions (EMI) are one form of tissue
interaction in which epithelia, derived from any of the germ layers, interacts
with adjacent mesenchyme of mesodermal or neural crest origin. The

development of integumental derivatives-hair, feathers, scales, teeth, etc. is

dependent on EMI (Kollar, 1972; Slavkin, 1974, 1978; Kollar and Lumsden,
1978; Slavkin et al., 1980). The embryonic tooth organ provides a unique

opportunity to study epithelial-mesenchymal interactions in vivo and in
vitro. The highly organized and distinctive morphology of enamel and

dentin facilitates the reliable identification of the products of inductive
events, and it is possible to distinguish between instructive and permissive
interactions based on the type of

structure.induced.

During mammalian embryogenesis (less than 12 days of gestation in
mice), the dental lamina is a band of thickening of the ectodermally derived
oral epithelium, which indicates the future position of each dental arch

(Gaunt and Miles, 1967). The dental lamina forms an ingrowth of oral

epithelial cells into the adjacent ectomesenchyme (i.e., cranial neural crestderived cells) of the jaw. This invagination forms a cup-shaped enamel

organ enclosed in an area of condensed mesenchymal cells, the dental papilla.
As crown development continues and the bell-shaped enamel organ can be
identified, these mesenchymal cells become polarized and are now known as

odontoblasts. The first odontoblasts are seen at day 15 at the cusp tips while
dentin secretion begins at day 17 (Thesleff and Hurmerinta, 1981). The inner

layer of the enamel organ, the inner enamel epithelium, gives rise to
polarized ameloblats which begin to produce enamel matrix after the first

layer of dentin is laid down. A well defined gradient of differentiation is
found within the molar tooth bud with the first-differentiated and most
mature cells found at the

cusp tips and progressively less-mature cells

encountered as the cervical margin is approached.

Root development begins when cells of the cervical loop, an extension
of enamel organ epithelium, migrate apically as Hertwig’s epithelial root

sheath (Hertwig, 1874). With this apical migration of epithelium,

mesenchymal cells of the adjacent dental papilla differentiate into
odontoblasts which will secrete the future root dentin. Later, when the ERS
fenestrates allowing mesenchymal cells of the peripheral dental sac to contact
the root dentin surface, the third mineralized tissue of the tooth, cementum,
is deposited on the root surface (Armitage, 1986). Periodontal ligament (PDL)

formation accompanies cementum deposition, and this structure serves to
connect the surrounding alveolar bone to the root via its surface cementum,

As these supporting structures proliferate and mature, tooth eruption occurs
around day 38 of development.

Bo

Tooth Development as a Model for EMI

Tooth development involves complex morphogenetic movements of

mesenchymal and epithelial cells, followed by differentiation of tooth-specific
secretory cells. These cells, odontoblasts and ameloblasts, form the organic
matrices of the mineralizing dentin and enamel, respectively. The

early

stages of tooth morphogenesis are comparable to those of other integumental
derivatives like feathers, hairs, and glands. Later differentiative events,

involving not only enamel organ morphogenesis but also mesenchymal and
epithelial cell differentiation and matrix secretion, characterize tooth

development. Morphogenesis and cell differentiation are controlled by a
chain of interactive events between the epithelial and mesenchymal tissues.
This has rendered the developing tooth an appropiate model system suitable

for studies on different aspects of epitelial-mesenchymal interactions during

embryonic development and many reviews of this topic have appeared in the

literature (Slavkin, 1974, 1978; Kollar and Lumsden, 1978; Slavkin et al., 1980;

Kollar, 1981, 1983; Thesleff and Hurmerinta, 1981; Ruch, 1984, 1985).

Tooth development has been divided into three phases: initiation,

morphogenesis, and cell differentiation.
i.

Initiation

Initiation of tooth formation implies determination of the dental

mesenchyme and formation of the epithelial dental lamina. The results of
the earliest experimental studies on tissue interactions in tooth development
indicated that the mesenchymal component of the developing tooth is of

neural crest origin, and that these ectomesenchymal cells are the primary

factor in initiating tooth development and in controlling epithelial

morphogenesis (Gaunt and Miles, 1967). These studies were done on
amphibian and fish embryos, and involved transplantation of various tissue

components or combinations. In mammalian species it has been shown that
tooth mesenchyme originates from the neural crest (Lumsden, 1984a). The

dental mesenchymal cells differentiate into odontoblasts, and this
differentiation is also expressed by secretion of a collagenous, mineralizing

extracellular matrix (ECM). Thus their differentiation may have
characteristics similar to those of the chondrogenic and osteogenic neural
crest cells.

The earliest cell interactions controlling determination of dental

mesenchyme have probably already taken place during the migration of
neural crest cells. Studies on avian embryos have indicated that the pathway

along which neural crest cells migrate determines the nature of their
subsequent differentiation (LeDouarin and Teillet, 1974). There is evidence

that differentiation of the neural crest cells giving rise to various skeletal
tissues in the craniofacial region is controlled

by interactions of the migrating

cells with other cells and ECM on their migratory route (Morris and

Thorogood, 1978). The final site where these neural crest cells localize also
affects their differentiation. This has been established for maxillary and
mandibular mesenchyme cells "whose osteogenic potential and subsequent

membrane bone formation depend on interactions with maxillary and
mandibular epithelium (Tyler and Hall, 1977; Tyler, 1978). Also chondrogenic

differentiation of ectomesenchymal cells forming scleral cartilages and

secondary cartilages in the maxilla depends on local epigenetic factors at their
final position (Newsome, 1976; Thorogood, 1979).

In a recent study, it has been demonstrated that early mouse first-arch
epithelium (before day 12 of gestation) has odontogenic potential and can
elicit dental papilla formation in non-odontogenic, neural-crest derived

mesenchyme (i.e. mouse second brachial arch). This instructive ability is lost
in older epithelium beyond day 12-13 of gestation (Mina and Kollar, 1987).

Interestingly, it is around this developmental stage that odontogenic first-arch

mesenchyme acquires odontogenic potential with the formation of the dental
papilla. It is also known that pre-migrating neural crest cells must be
combined with early mandibular epithelium in order to acquire odontogenic

potential, i.e. the ability to induce odontogenesis in non-odontogenic

epithelium (Lumsden, 1984a). These findings suggest, at least at early stages
of development, that the ability to induce odontogenesis in the mesenchyme
resides in dental epithelium.

These findings are further supported by recent work (Hou, 1987) where

early dental epithelium, in this case epithelial root sheath (ERS) was cocultured with cloned periodontal ligament (PDL) fibroblasts. ERS was capable

of exerting measurable differences on these mesenchymal cells. When ERS
was included in culture, the expression of collagen type I by PDL cells was

consistently enhanced while gingival epithelium suppressed its expression.
The possibility exists, therefore, that epithelium can play an instructive role
in development and may possess the ability to alter

mesenchymal phenotype

and metabolism.
The mechanisms underlying dental lamina formation and the
localization of the epithelial downgrowths are unknown. A role for
innervation was suggested (Kollar and Lumsden, 1978) following the

observation that nerve fibers were found in presumptive odobntogenic sites.

Data obtained from culturing mandibular explants in the presence or absence
of trigeminal ganglia (Lumsden, 1984b) suggest that the presence of nerve
fibers is concomitant with, rather than a prerequisite for, tooth
determination.
ii.

Morphogenesis

During this phase of tooth development, the form of the tooth is
established by morphogenetic movements of the tissues. The

epitheliomesenchymal interface undergoes folding thereby establishing the

cuspal pattern of the tooth and the future dentinoenamel junction. The
epithelial component develops into an enamel organ composed of
characteristic cell types. Early transplantation studies demonstrated that

morphogenesis of the mammalian tooth depends on epithelial-mesenchymal
interactions (Gaunt and Miles, 1967). Mesenchymal tissue instructs epithelial

morphogenesis (Kollar and Baird, 1970a, b). It has been demonstrated that

transplants of reciprocal combinations of the mesenchymal and epithelial

components of incisor and molar tooth germs acquire the typical incisive or
molar shape according to the origin of the mesenchymal tissue. It has also
been shown that the dental mesenchyme is able to induce the formation of

typical enamel organs in nondental epithelia, e.g., foot pad epithelium, and
that these epithelial cells differentiate into ameloblasts which secrete enamel
matrix (Kollar and Baird, 1970a, b). These observations have since been

confirmed in other studies (Thesleff, 1977), where reciprocal combinations of

dental and gingival epithelium and mesenchyme from mouse embryos were
cultured in vitro, and it was shown that gingival epithelium differentiated
into ameloblasts when combined with dental

mesenchyme, whereas dental

epithelium keratinized in combination with gingival mesenchyme. Other
experiments have indicated that the dental mesenchyme from mouse
embryos is able to induce enamel organ formation and ameloblast
differentiation even in chick epithelium. It has been suggested that the

absence of enamel synthesis in avian species is due to alterations in the tissue
interactions required for odontogenesis, and not a loss of genetic information

(Kollar and Fisher, 1980).

Tooth morphogenesis can be inhibited by agents that disrupt the ECM
between the epithelial and mesenchymal tissues. It has been shown that

collagen deposition and glycoconjugate synthesis are prerequisites for normal
tooth morphogenesis (Ruch et al., 1974; Hetem et al., 1975; Galbraith and

Kollar, 1976; Hurmerinta et al., 1979, 1980; Thesleff and Pratt, 1980a, b). The

branching morphogenesis of the developing salivary gland has been shown
to depend on the ECM at the epitheliomesenchymal interface (Bernfield et al.,

1972). Presumably the ECM serves to stabilize the pattern of epithelial

morphogenesis in a similar way during tooth development (see page 16).
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iii.

Cy to di fferen ti a tion

Terminal cellular differentiation takes place during the bell stage of

tooth development, and at this time cuspal morphogenesis is still advancing.
Cell differentiation starts from the area of cuspal tips and proceeds in a

cervical direction; the developmental stage remains more advanced in the

cuspal areas throughout subsequent development. The morphological
differentiation of the mesenchymal cells precedes that of epithelial cells. The

mesenchymal cells directly underlining the enamel epithelium become
postmitotic, polarize, and start secretion of predentin, the organic matrix of
dentin. The cells of the enamel epithelium become postmitotic shortly after a

layer of predentin has been secreted by the odontoblasts. The onset of enamel
secretion

by the ameloblasts occurs at the time when initial mineralization is

seen in dentin.
Dentin and enamel matrices contain tooth-specific proteins that can be

used as markers for odontoblast and ameloblast cell differentiation. Dentin

phosphoproteins are the principal noncollagenous proteins in mineralizing
dentin (Butler et al., 1976). Enamel proteins are unique proteins that are

found only in enamel matrix (Slavkin et al., 1977). Antibodies have been

prepared against enamel proteins (Graver et al., 1978; Schonfeld, 1979) and
have proven useful as probes for studies on ameloblast differentaition.
The tissue interactions that control odontoblast and ameloblast cell
differentiation have been studied in numerous transplantation and in vitro
studies (Slavkin et al., 1968; Kollar and Baird, 1969; Slavkin, 1974; Thesleff,

1976). Although the stage of development that can be experimentally
achieved greatly depends on the culture method used, no culture conditions

have been shown to support cell differentiation in isolated mesenchyme or

11

epithelium" odontoblasts do not differentiate in the absence of epithelium,
and ameloblast differentiaton does not take place in the absence of the

mesenchymal component, i.e. odontoblasts secreting predentin.
MECHANISMS OF CELL INTERACTION

Although it is known that tissues interact in inductive ways, the
mechanism by which this induction occurs is not definitely known.

However, three popular theories exist to explain how one tissue may direct
another tissue along a certain developmental path. The first theory suggests

that cell-to-cell contact is a necessary event between interacting tissues (Weiss,
1947, 1949). The second theory proposes that a diffusion of signal molecules
or ions occurs from the inducing tissue to the responding tissue (Holtfreter,

1955; Wolpert, 1969), while the third theory states that the inductive message
is mediated through components of the extracellular matrix (Grobstein, 1955).
A,

Direct Cell-to-Cell Contact

Theory

The assumption that inductive interactions require cell-to-cell contact

was originally suggested by

Spemann (1938). This view was largely

disregarded after reports showing that induction could take place through
membrane filters (Grobstein, 1956). However, subsequent demonstrations

that cell processes are within filters in kidney tubule induction raises again
the possibility of cell-contact mediated interaction (Lehtonen et al., 1975;

Sax6n et al., 1976). In addition, contact-mediated induction has been described
in several other systems, such as developing tooth (Slavkin and Bringas,

1976), lung (Bluemink, et al., 1976), developing submandibular gland (Cutler
and Chaudhry, 1973; Cutler, 1977).

12

Kidney development has provided a good example for this type of
interaction. In transfilter experiments, metanephric mesenchyme

differentiates into epithelial tubules after contacting with epithelial ureteric

bud. Induction proceeds in vitro with comparable results to those found in
vivo. Initially, cytoplasmic material could not be demonstrated in millipore

filters (Grobstein, 1956). However, with fixation methods and nucleopore

filters with straight channels (Lehtonen, 1976; Sax6n et al., 1976), more recent
studies revealed cytoplasmic processes throughout the

pore filters.

Studies have shown that there is a shift of the ECM pattern during

tubule induction. The uninduced metanephric mesenchyme expresses
interstitial collagen and fibronectin (Linder et al., 1975; Ekblom, 1981; Ekblom
et al., 1981). When the ureteric bud

grows into the mesenchyme, these

proteins are lost rapidly in regions associated with the tips of the ureteric tree
(Ekblom et al., 1980, 1981), whereas a matrix protein, and laminin appear at

the same time. These ECM changes occur prior to tubule morphogenesis and

appear as a response to induction (Ekblom et al., 1981). However several
studies show that basement membrane material does not act as an inducer in

kidney development since the isolated nephrogenic mesenchyme is not
stimulated detectabily by purified exogenous basement membrane proteins

such as laminin and type IV collagen (Ekblom, 1984).
The foregoing discussion favors the concept that close cell associations
mediate induction of tubule formation. However, the molecular nature of

this interaction remains unclear. Three possible interactions are suggested" 1)

short-range diffusion of the inductor molecules (Weiss and Nir, 1979); 2)
direct transmission through intercellular junctions, such as

gap junctions (Lo,

1980); and 3) contact by cell surface-associated components, such as

glycoconjugates (Roseman, 1974; Moscona, 1976).
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There was not much evidence on the short range diffusion molecules
involved in developmental induction (Weiss and Nir, 1979).

Gap junctions

have been shown to mediate metabolic cooperation (Loewenstein, 1973) and
electric coupling (Hulser and

Demsey, 1973). Although gap junctions are

found between all homotypic cells (Staehelin, 1974) and between some

heterotypic cells (Johnson et al.’, 1973), this sort of junction has not been
identified betweeen epithelial and mesenchymal cells either in transfilter
assemblies or in intact developing kidney (Wartiovaara et al., 1974; Lehtonen,

1976).
Interactions between surface glycoconjugates are

thought to be

important in many types of cell-to-cell interaction during embryogenesis
(Roseman, 1974; Moscona, 1976). Evidence comes from reports that the

activity of cell surface glycosyltransferase is associated with cell migration
(Roth, 1973) and adhesive recognition phenomena in embryogenesis (Roth et
al., 1971).
Other evidence suggesting a role for glycoprotein during the induction

period derives from experiments with inhibitors of protein glycosylation.
Tunicamycin and 6-diazo-5-oxo-norleucine (Ekblom et al., 1979) can inhibit
tubule induction. They do not prevent ingrowth of cell processes through the
filter pores and inhibit later stages of morphogenesis if the tissues are treated

after induction has ocurred. Thus, newly synthesized glycoproteins present
on the cell surface may berequired for cell-to-cell interaction during the

induction period. However, the nature of the specific molecules involved in

this induction is not known.

Contrary to what has been described above, an ultrastuctural study of
tooth development has shown that the basal lamina is continuous under the
enamel epithelium before and at the time of odontoblast differentiation, and
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it thus prevents actual direct cell-to-cell interaction (Kallenbach, 1971;

Meyer

et al., 1977). Several other systems also do not involve close cell-to-cell
contact as a mechanism of interaction. These include induction of neural

tube by chordamesoderm (Toivonen, 1979), induction of lens from the

epidermis by the optic vesicles (Karkinen-J/i/iskel/iinen, 1978), pancreatic

development (Rutter et al., 1978) and bone induction from interaction
between organic bony matrix and mesenchymal cells (Reddi, 1984). Thus,

close cell association does not seem to be a universal mechanism, for
interactions in biological systems.

Bo

Diffusible Ion Theory

The hypothesis that diffusible factors carry a morphogenetic message is

based on the findings that noncellular material in agar and dead tissues
(Bautzmann et al., 1932; Mangold, 1932) can act as inductors in primary

embryonic induction. This conclusion was supported later by Holtfreter
(1955) while studying neutralization during primary embryonic induction.

He placed a piece of dead liver or kidney in the blastoceles of early gastrula
and interposed a layer of cellophane between implants and host tissues to

prevent direct contact. Induction of a neural tube was achieved. Other
supporting evidence also indicates that neural induction can be provoked by a

variety of ions and compounds, such as mono-and divalent cations (Masui,
1959; Barth and Barth, 1972), chick embryo extracts (Tiedemann, 1976),
neurotransmitters (McMahon, 1974), cyclic nucleotide (Wahn et al., 1976) and

heparan sulfate (Landstrom and Lovtrup, 1977).

Contrary

to the results with

kidney tubule culture as described above,

in transfilter experiments, neural induction

regularly occurs through all
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filters tested (pores size down to 0.05 mm) although electron microscopic
examination of the millipore or nucleopore filters failed to demonstrate

cytoplasmic penetration into the pores (Nyholm et al., 1962; Sax6n, 1963;
Toivonen, 1979; Sax6n et al., 1980). These reports suggest diffusion is one

mode of interaction.

It has been suggested (Kaska and Triplett, 1980) that induction of

gastrula ectoderm by chordamesoderm may be a receptor-mediated
interaction. When cultured in vitro, the conditioned medium of

chordamesoderm is reported to induce synthesis of tyrosine oxidase. The

components in the conditioned medium are found to be proteins and can be
shown to bind specifically to ectodermal cells. Similar observations were
made during lens induction which does not require an actual cell contact

between predetermined head epidermis and optic cup, the inducer (Hendrix
and Zwaan, 1974; Karkinen-Jiiskeliinen, 1978).

Although the diffusible ion theory hypothesis is favored for many
developmental processes, it has not been possible to isolate and characterize

chemically an inductor substance which definitely acts during normal
development and there is not much evidence for compounds of this sort in
interactive events. Kidney development provides an exceptional example of
this. There is an apparent correlation between the pore size of filters and

tubule induction (Nordling et al., 1971; Lehtonen, 1976). However diffusion
can not explain all the results since filters of 0.1 mm, which allow free

diffusion of large molecules, usually prevent kidney tubule induction
(Wartiovaara et al., 1974). Evidence derived from transfilter experiments

during tooth development also shows that diffusible extracellular matrix
molecules from the epithelium do not induce odontoblast differentiation
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(Thesleff et al., 1977). Thus, diffusible factors also do not seem to be a
universal mechanism for signal transmission.
C,

Extracellular Matrix Theory

The role of the ECM in morphogenetic tissue interactions was
introduced first by Grobstein (1955). In several organ systems the interacting
tissues are separated by an ECM and, thus, it seems logical to assume that

interaction may be also mediated by components of the ECM. There is good
evidence to support this hypothesis. For example, involvement of cellmatrix interaction in the notochord and the spinal cord with somites is

required for vertebral cartilage differentiation in vitro and in vivo (Lash and

Vasan, 1978). Sclerotome cells of somites usually migrate into ECM around
notochord and spinal cord before their differentiation into cartilage (Ruggeri,
1973). The notochord and the spinal cord are known to produce an ECM

composed of proteoglycan and collagen. The removal of these ECM
molecules before their culture with somite mesenchyme prevents vertebral

chondrogenesis until new ECM has formed (Kosher and Lash, 1975). Other
studies show that stimulation of chondrogenesis is markedly increased when
somite mesenchyme is cultured on a substrate of type I, II and III collagen, and

type II is the most effective (Lash and Vasan, 1979).

In other examples, such as synthesis of corneal stroma and
differentiation of odontoblasts, ECM plays a significant role. In these cases,

there is a continuous basement membrane separating the interacting tissues
(between corneal epithelium and lens, and between enamel epithelium and

undifferentiated odontoblasts) which prevent direct cell-cell contacts (Hay and

Revel, 1969; Kallenbach, 1971; Meyer et al., 1977). In the former case, any ECM
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containing collagen (living or dead lens, etc.) stimulates stroma production
and collagen synthesis by corneal epithelium (Hay and Meier, 1976). In
transfilter studies, this stimulating effect is directly correlated to the size of the
contact surface between the corneal epithelial processes and the ECM (Meier

and Hay, 1975). In the case of odontoblasts, diffusible matrix molecules from
the enamel epithelium are not shown to induce odontoblast differentiation
(Thesleff et al., 1977). Ultrastructural examination reveals close contact

between ingrowing mesenchymal processes and the basal lamina maintained

by the enamel epithelium (Thesleff et al., 1978).
All these observations address the fact that some epithelial-

mesenchymal interactions may be mediated by the ECM at the epithelial
basement membrane. The information may be present in certain

components of this special ECM (Osman and Ruch, 1981; Hall, 1983; Kollar,
1983).

However, experimental analysis of the involvement of various
basement membrane molecules in interactive events is difficult to interpret

(Hay and Revel, 1969), since the interference with one of the components may
affect the overall assembly of the ECM. This has been demonstrated in
odontoblast differentiation which can be inhibited by interference with

collagen deposition (Kollar, 1978), with GAG sulfation (Hurmerinta et al.,
1979, 1980) or with protein glycosylation (Thesleff and Pratt, 1980a, b). Thus, it
is also possible that three dimensional assembly of the basement membrane,

created by interactions of various macromolecules, is essential (Kollar, 1983).
The specific molecules and actual mechanism by which the ECM

molecules modulate differentiation has not been determined. It has been

shown that cell surface receptors might provide a basis for a molecular
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mechanism mediating cell recognition, growth control and cell-to-cell

interactions (Edelman, 1976).

Cellular receptors for different types of collagen including type IV

(Chiang and Kang, 1982; Goldberg and Burgeson, 1982; Yamada et al., 1985),
laminin (Rao et al., 1983) and fibronectin (Oppenheimer-Marks and Grinnell,

1984) have been found in many cell types. Subsequent data has steadily
increased our appreciation of the ECM, and in particular the basement

membrane. Thus, the following section of this literature review will
examine the properties of the ECM. Particular attention will be paid to the

ultrastructure, composition and role of the basement membrane in

development.
IV.

THE EXTRACELLULAR MATRIX

Most cells in multicellular organisms are in contact with an intricate
meshwork of interacting extracellular molecules produced by themselves and

adjacent cells. The arrangement of cells and their ECM are different in

mesenchyme and in epithelia. Mesenchymal cells are embedded in their
ECM and, while cell-cell contact is frequent, intercellular spaces, containing
the ECM are commonplace. Epithelia in contrast, consist of cells in close
contact with one another. They sit on an ECM termed the basement

membrane, a name given to the acellular structure seen with light

microscopy.
A.

Ultrastructure

Basement membranes are ultrastructurally composed of four zones
(Briggaman and Wheeler, 1975)" the plasma membrane, lamina lucida,
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lamina densa, and the reticular lamina. The lamina lucida is approximately

20-40nm thick and amorphous except for anchoring filaments which span

from the basal cell surface to the underlying lamina densa (Banks et al., 1984).
The lamina densa is approximately 30-40nm wide and together with the
lamina lucida form a composite structure called the basal lamina. The fourth

zone, adjacent to the connective tissue and thought to be of mesenchymal

origin is the sublamina densa or reticular lamina. This zone is characterized

by anchoring fibrils that connect the lamina densa to the collagen fibrils of the
underlying connective tissue.
B.

Components of the ECM

The components of the ECM fall into three major categories;

collagenous glycoproteins, non-collagenous glycoproteins, that seem to
function in an adhesive role linking cells to components of the ECM, as well
as linking ECM molecules, and glycosaminoglycans that are usually

covalently linked to protein forming proteoglycans.
i.

Collagens

The term collagens is generally applied to a series of related, yet

chemically distinct, macromolecular species recovered from a variety of
vertebrate tissues and cells in culture. Currently, twelve different types of

collagen have been identified (Miller, 1985). All molecular species associated
with each collagen type fulfill the basic criteria for designation as a collagen

molecule; i.e., they contain sizeable domains in which a typically helical
domain is present, and they participate in the formation of extracellular
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supramolecular aggregates whose primary function is support (Gay and
Miller, 1983).

Types I and III collagens

are the primary collagens of mesenchyme and

form characteristic fibrils after secretion from the cell. These fibrils aggregate
to form the ubiquitous, linear, striated fibers seen morphologically.

Type IV

collagen is unique to basement membrane and differs from type I and III

collagens in the lack of a fibrillar structure (Kefalides, 1971). It contains a
higher production of globular domains and more interruptions in the helix
(Kuhn et al., 1981).
ii.

Fibronectin

Fibronectin is a dimer of two large polypeptide chains, both with a

molecular weight of approximately 220,000 daltons (Yamada, 1981). Analysis

of the molecule has shown distinctive cell, collagen and GAG-binding

regions. A striking feature of fibronectin is that it is present in an insoluble
form at cell surfaces and in connective tissue, but is found in a soluble form
in

plasma and other body fluids. Fibronectin has been localized in vivo in a

wide variety of mesenchymal tissues (Stenman and Vaheri, 1978) and has

been reported in some basement membranes (Mayer et al., 1981) while

apparently absent in others (Thesleff et al., 1981). A role for fibronectin has
been proposed in cell differentiation and organogenesis (Ruoslahti et al.,
1981). Although the mechanisms are unknown, it has been postulated that

fibronectin aids in cellular differentiation by promoting mesenchymal cell

attachment to the basement membrane (Thesleff et al., 1979).
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iii.

Laminin

Laminin is a

very large non-collagenous glycoprotein (M.W. 106). It is

composed of three identical subunit chains (M.W. 200,000) and one larger
chain (M.W. 400,000) linked by disulphide bonds, to form a cross-like
structure with asymetric arms (Timpl et al., 1979). It has been localized in all

basement membranes examined (Foidart and Reddi, 1980) and has been

suggested to mediate epithelial cell attachment to these structures (Terranova
and Wojeski, 1987).
iv.

Nidogen

Nidogen, a recently described non-collagenous basement membrane

protein (M.W. 100,000), consists of a single polypeptide chain containing
several intra-chain disulfide bonds and is about 10% carbohydrate. It appears

by rotary shadowing techniques to be a globular protein with a short tail
(Timpl, 1985). It consists of a number of domains, and has the capacity to bind

strongly to laminin. Thus, it may participate in in the initial deposition as
well as in the organization of the basement membrane (Martin et al., 1984).
v.

Entactin

Entactin, a sulphated glycoprotein (M.W. 150,000), has been

demonstrated in a variety of basement membranes. Ultrastructural
localization suggests that this molecules is in close association with the basal

surface of epithelial cells and may be involved in cell attachment (Martin et
al., 1984). Its structure and function are unknown.
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Bullous Pemphigoid Antigen
Bullous pemphigoid antigen was discovered during studies of a

dermatological disease called bullous pemphigoid (Beutner et al., 1968), which
is characterized by loss of epithelial attachment. Thus, this protein may be

involved in the attachment of epithelial cells to the inderlying basement

membrane zones. In contrast to other basement membrane components,
bullous pemphigoid antigen is restricted mostly to basement membranes of
stratified squamous

epitheli’a.

This

antigeh

is in the lamina lucida of the

basement membrane (Katz, 1984) and has been shown to be synthesized by

epithelial cells (Stanley et al., 1982).
vii.

Glycosaminoglycans (GAG’s)

GAG’s are linear unbranched polysaccharide chains composed of
repeating disaccharide units. Because of the negative charges of their
molecule, they are hydrophilic. The hydrated state of GAG’s permits free
diffusion of water soluble molecules and the migration of mesenchymal cells

and their processes. Seven groups have been described on the basis of
differences in their sugar residues, the types of linkage between these residues

and the number and location of sulphate groups. With the exception of

hyaluronic acid, all other GAG’s are covalently linked to serine residues of a
core protein to form a proteoglycan molecule before they are secreted. The
manner in which GAG’s are organized in the ECM is largely unknown but

they have been demonstrated to form an intricate relationship with collagen
fibrils, suggesting an intimate relationship between the two (Scott, 1980).

Proteoglycans are a diverse group of heterogeneous macro-molecules
that are abundant in the extracellular matrix of connective tissues. The
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heterogeneity within each population of proteoglycans is due to biosynthetic
differences in the core protein, the size, charge, number, chemical
modifications of the GAG side chains, and the degradative changes

introduced in the core protein and extracellular matrix (Kuettner and
Kimura, 1985). Proteoglycans have been shown to be present in basement

membranes by biochemical and histological techniques (Kanwar and

Farquhar, 1979).
Co

Localization and Interactions of

Components

The two major constituents of the basal lamina, laminin and type IV

collagen have been localized in the lamina lucida and lamina densa
respectively. This binding may correspond to the strongly anionic groups that
have been shown to be regularly distributed along the edges of the lamina
densa of glomerular basement membranes (Kanwar and Farquhar, 1979).
Several recent studies have examined the interactions between the
various basement membrane components (Kleinman et al., 1981; Kleinman

et al., 1982;

Woodley et al, 1983). Three components of the basement

membrane, laminin, type IV collagen and heparan sulphate proteoglycan
form a defined supramolecular complex, and interact in a highly specific
manner suggesting that such interactions may be involved in basement
membrane deposition in situ. Recent work with these three components

together with nidogen, have led to the suggestion that these components
form a supramolecular aggregate which polymerizesto give rise to a
basement membrane like structure (Martin et al., 1984).
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D.

Role of Basement Membrane

Basement membranes have varying functions which include acting as
a structural support for epithelial cells, as a barrier restricting the

passage of

macromolecules, and as a scaffold in tissue formation and repair (Kefalides, et
al., 1979). Basement membranes may act as a stabilizing scaffold where cells
can assemble, allowing morphogenesis to occur. In the submandibular gland,

the basement membrane breaks down in areas where budding is about to

occur and is reinforced in the cleft regions (Bernfield and Banerjee, 1978).

Basement membranes have also been assesed a role in epithelial-

mesenchymal interactions and cell differentiation durying embryonic

development (Bernfield and Banerjee, 1978; Thesleff et al., 1978; Martin et al.,
1984).

It appears, in some developmental situations, that the presence of
basement membrane is imperative for differentiation and development to
occur. When tissues are separated by trypsin (a proteolytic enzyme that

digests basal lamina) and are then recombined, the first sign of tissue
interaction is the deposition of a new basement membrane (Karcher-Djuricic
et al., 1978; Slavkin et al., 1982).

Separation of enamel organ epithelium and

basement membrane from dental papilla mesenchymal cells has been shown
to interfere with odontoblast and predentin formation (Koch, 1967). Thus,

the basement membrane may determine in an indirect way whether or not
induction of the ameloblasts occur. Tissue separation experiments involving

tooth development have demonstrated that when an agent was used which

preserved this basement membrane (eg. EDTA), postmitotic odontoblasts
continue to differentiate and secrete predentin; however, if trypsin was used,
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the same nondividing odontoblasts would not differentiate further (Osman
and Ruch, 1980).

Using immunofluorescence techniques (Lesot et al., 1981; Thesleff et
al., 1981) it has been shown that there are changes in the distribution pattern
of the various components of the basal lamina depending on the stage of

development of the tooth. These studies showed that there was more
fibronectin directly under the inner enamel epithelium at the time of

odontoblast differentiation than elsewhere in the tooth germ. The other

components of the basal lamina were more evenly distributed. Perhaps
fibronectin is involved in polarization of the odontoblasts as it is synthesized

by the mesenchyme. Once the first layer of predentin is secreted the basement
membrane is degraded, fibronectin disappears first and the rest of the

components leave as a group. Interestingly, the removal of the basement
membrane occurs at the same time that epithelial cells polarize into

ameloblasts, suggesting that specific receptors on the preameloblasts react
with components of the basement membrane (Thesleff et al., 1981).

Evidence exists suggesting that the presence of certain basement

membrane components is necessary for normal tissue morphogenesis (Kerley
and Kollar, 1978). Embryonic molars and incisors (day 15) were cultured in
the presence of tetracycline, which chelates divalent ions such as Fe++ and

Ca ++ and can interfere with mineralization of hard tissues and collagen
synthesis. The effect of this in vitro culture condition on tooth formation
was the retardation of development and supression of normal tooth germ

morphogenesis, suggesting that collagen in basement membrane or
extracellular matrix is necessary for normal tooth germ morphogenesis.
The role of type I collagen in morphogenesis has recently been

questioned as a result of observations made in mutant mouse, MOV 13. This
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mutation, which was created by the insertion of a leukemic retrovirus into

the type I collagen gene, results in a total lack of type I collagen production

(Habers et al., 1984). But, mutant salivary gland development procedes

normally in vitro (Kratochwil et al., 1984), suggesting that type I collagen is
not required for morphogenesis.

V.

DEVELOPMENT OF ROOT AND SUPPORTING STRUCTURES
General Description
The function of the root is to anchor the tooth in a stable but dynamic

relationship to alveolar bone. While a variety of attachments are found in
vertebrates (e.g. hinged, fibrous), the only form of attachment seen in

mammals is a gomphosis (Poole, 1967) in which the tooth is situated inside a

bony socket. Attachment of the tooth to bone is mediated by the
periodontium. The periodontium comprises four different tissues"

periodontal ligament, root cementum, alveolar bone proper, and the gingiva.

Together, these tissues constitute and behave as a developmental, biological,
and functional unit. The next portion of this literature review will discuss
root

development, the development of the periodontium and its tissue

interactions involved.

Bo

Root Development

The early stages of root development have been studied in a variety of
animal species and the results of these studies

may be conveniently divided

into four areas" initiation, cellular proliferation, dentinogenesis, and

cementogenesis.
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i.

Initiation

Root development is initiated by cells of the enamel organ, dental

papilla, and dental follicle. The cells of the outer enamel epithelium come
into contact with the inner enamel epithelium at the base of the enamel

organ, this region is termed the cervical loop (Diamond and Weinmann,
1940). When enamel and dentin formation in the crown have reached this

region, cells of the cervical loop proliferate and foi’m an epithelial root sheath
(ERS) (Diamons and Applebaum, 1942). The ERS was first described in

amphibia (Hertwig, 1874) and is sometimes referred to as Hertwig’s epithelial
root sheath. The ERS (Fig. 1) is made

up of two cell layers and consists of two

parts; a vertical part, the sheath itself, and a horizontal part known as the

epithelial diaphragm. Ultrastructurally, both sides of the cells of the
epithelial root sheath are separated by basement membrane from cells of the
dental sac or the dental papilla (Paynter and Pudy, 1958; Listgarten, 1975b).

The rim of the epithelial diaphragm projects horizontally across the dental

papilla and partially encloses the basal portion of the papilla. The spatial

pattern of the apical growth of the ERS determines the number and the shape
of the roots. A recent study using tissue recombination (Thomas and Kollar,
1988) has lent direct evidence that ERS interacts permissively on dental

papilla to facilitate odontoblast differentiation. Dentin formation was
observed when ERS was combined with dental papilla and explanted in the
anterior chamber of the

eye, but only when a certain level of commitment

has been achieved by the papilla cells. Dentin formation occurred in
recombinations using 18 day old murine dental papilla but failed to occur

when younger papilla was used. It appeared that ERS has attained a level of
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commitment as enamel organ formation did not occur in recombinations
with dental mesenchyme.
ii.

Cellular Proliferation

Autoradiographic studies (Hoffman and Gillette, 1964; Diab and
Stallard, 1965; McHugh and

Zader, 1965; Kenney and Ramfjord, 1969) have

examined the cellular kinetics associated with developing roots and have

demonstrated that labelled cells occur throughout the ERS. Two distinct

proliferation centers have been shown adjacent to ERS" one in the dental sac
and one in the dental papilla (Hoffman and Gillette, 1964) leading to the

suggestion that both centers may be controlled by the ERS. Cells migrate out
of the dental papilla and into the follicle during normal tooth eruption
(Osborn and Price, 1988). Interestingly, the observation has been made that
radioactive labelling of the ERS rapidly declines to zero when the tooth

reaches occlusion (Diab and Stallard, 1965).
iii.

Dentinogenesis

The ultrastructural relationship of ERS with neighboring tissues

during the process of dentinogenesis has been studied by numerous
investigators (Paynter and Pudy, 1958; Selvig, 1963; Lester, 1969a, b; Lester and

Boyde, 1970; Owens 1972, 1973, 1975a, b, 1978, 1980; Ten Cate, 1978; Liao, 1979;
Lindskog, 1982a, b; Rademakers et al., 1985). Morphologically, a gradient of
differentiation of dental papilla cells can be seen from the least differentiated

cells present at the apical extension of the ERS through to the fully
differentiated odontoblast coronally. Fenestrations appear in the basal lamina

present between the ERS and the dental papilla with the start of odontoblast
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differentiation, an epitelial cell processes protrude through these spaces.

Odontoblasts begin to recede from the basal lamina secreting a collagenous
matrix (predentin) which eventually mineralizes to form root dentin.

However, the most peripheral portion of this matrix, immediately subjacent
to the ERS remains unmineralized and consists of an

amorphous matrix

investing fine aperiodic fibrils, granular material, and some randomly
orientated collagen fibrils (Lester, 1969a, b).
While most studies suggest that root dentin formation is the result of
an interaction of ERS with dental papilla (Selvig, 1963; Lester, 1969a; Ten Cate,

1978; Owens, 1980), other theories suggest that odontoblast differentiation is
determined by earlier inductive events (Atkinson, 1976).

Cementogenesis
The ultrastructure of cementogenesis has also been investigated

(Selvig, 1962; Ten Cate, 1978; Owens, 1980; Rademakers et al., 1985). In
contrast to dentinogenesis, a gradient of differentiation of dental sac cells

relative to the ERS is absent. Following odontoblast differentiation and
initial dentin formation, the ERS overlying root dentin becomes

discontinuous, allowing adjacent dental sac cells to contact the unmineralized

surface of root dentin. These sac cells differentiate into cementoblasts and

begin to form cementum (Armitage, 1986). Mineralization of the dentin

surface occurs from the sac side, and the previously unmineralized dentin
becomes part of the newly-formed cementum. In

areas of ERS perforation,

collagen fibrils increase in number and thickness, and eventually pass
between the newly-differentiated cementoblasts to become incorporated into
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the cementum. These fibrils serve to attach the root to the surrounding bone
and their embedded portions are known as Sharpey’s fibers.

Co

Tissue Interactions in Cementogenesis

The tissue interactions operating during cementogenesis are unknown.

Our current understanding of how cementum forms is based mainly on light
and electron microscopic descriptions of the sequential events which

accompany root development (Selvig, 1962; Lester, 1969a, b; Ten Cate, 1978;
Owens, 1980; Rademakers, 1985). Four hypotheses exist in an attempt to
explain the cellular dynamics of cementum formation.
Dentinal Collagen Hypothesis

With continued root development the ERS fenestrates and epithelial

cells migrate away from the root surface into the periodontal ligament where

they form the epithelial cell rests of Malassez (Armitage, 1986). It has been

proposed that the differentiation of cementoblasts results from contact of
dental sac cells with the unmineralized collagenous root surface (Armitage
1986). In this hypothesis, ERS is thought not to interact with cells of the

dental sac but merely to play a structural role in root development. This

concept is supported by the fact that the gradient of differentiation seen

histologically within the dental papilla cells adjacent to ERS is notably absent
in follicular cells. It is thought that a component of the

exposed dentinal

matrix, possibly collagen, provides the inductive stimulus for dental sac cells
to differentiate into cementoblasts (Yeomans and Urist, 1967; Register et al.,

1972; Reddi and Huggins, 1973).
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Demineralized dentin can induce bone formation in a variety of

ectopic sites. These include muscle (Bang and Urist, 1967; Yeomans and Urist,
1967), subcutaneous tissue (Reddi and Huggins, 1973), surgically created
mandibular defects (Yeomans and Urist, 1967) gingival papilla (Register et al.,
1972) and submucosa (Lopez, 1984). Undermineralized dentin has also been

shown to possess bone morphogenetic properties (Yeomans and Urist, 1967).

It has been shown that collagenase treatment of demineralized dentin
abolishes the bone-inducing properties (Bang and Johannessen, 1972)

implying a role for collagen in this process. Trypsinization of demineralized
dentin also abolishes the response (Bang and Johannessen, 1972) implying

that molecules other than collagen are also involved.
The ability of demineralized dentin to induce cementum formation

appears to be restricted to certain tissues. Studies reporting cementum
formation are difficult to interpret because it is difficult to rule out the effect

of other component cells, especially epithelial cells, when dentin is combined
with heterogeneous odontogenic tissues. Interestingly, recombinations of

dental sac and dentin formed cementum only in association with epithelial
cells (i.e., ERS cells) contained within the dental sac tissues (Andreasen and
Kristerson 1981). Other investigators have failed to observe cementum
formation when dentin was recombined with dental sac in vivo; bone but not

cementum formed in these recombinations (Thomas and Kollar, 1988). It is

difficult in these studies to reliably distinguish cementum from osseous

material, and many reports may have mistakenly described osteogenesis as

cementogenesis.
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ii.

Enamel Protein Hypothesis

Developing enamel surfaces have been shown to be capable of

inducing cementogenesis in susceptible connective tissue cell populations.
This apparent ability of enamel to induce cementogenesis has led to the

suggestion that enamel proteins are secreted onto the developing root surface

by ERS cells prior to cementogenesis (Slavkin, 1976). These hypothesis has
been developed primarily from studies of the lingual surfaces of teeth of
continuous eruption which are considered

by some to be root-analogue

surfaces (Slavkin, 1976). In a series of reports, it has been shown that

epithelial cells located adjacent to the forming lingual surfaces of rat and
rabbit incisors incorporate

3H-tryptophan (Glazman and Slavkin,

1974).

Tryptophan is an amino acid present in enamel proteins but not collagenous
proteins, and is incorporated by cells of the ERS (Slavkin et al., 1968; Lindskog
and Hammartsrom, 1982). Recently, however, tryptophan sequences have

been found in the extracellular matrix molecule laminin (Barlow et al., 1984)
and therefore tryptophan metabolism may simply signify that ERS

synthesizes laminin as part of its associated basement membrane (Thomas,
1986). Thomas et al. (1986) using antibodies to enamel proteins, were unable
to detect their

presence on the ERS-related dentin surface and concluded that

enamel proteins do not participate in the process of cementogenesis. Rather,
it was

proposed that ERS may influence its neighboring undifferentiated

cellular environment by contributing biologically active substances (e.g.,
laminin) to the associated basement membrane which it shares with the

dentin surface.
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iii.

Basement Membrane Hypothesis

Analysis of the forming root surface has demonstrated that the most

peripheral (i.e., dental sac-associated) aspect of root dentin remains
unmineralized until cementogenesis is initiated (Paynter and Pudy, 1958;

Lester, 1969a; Cho and Garant, 1988). In addition, the presence of a basement
membrane between this unmineralized dentin and the ERS has been verified

microscopically (Paynter and Pudy, 1958; Cho and Garant, 1988; Thomas and
Kollar, 1988) and immunohistochemically (Thomas and Kollar, 1988). As the

ERS begins to fenestrate, this basement membrane remains associated with
dentin surface (Thomas and Kollar, 1988) and it has been proposed that its

presence may provide an inductive stimulus for cementoblast differentiation
from dental sac stem cell populations (Cho and Garant, 1988). The
extracellular matrix components of basement membrane have been shown to

be biologically active and important in cell movement, differentiation, and
maturation (Kefalides et al., 1979; Kleinman et al., 1981; Bernfield, 1984;

Terranova and Wikesjo, 1987). The presence of basement membrane is
required for odontoblast differentiation, and time-specific alterations in
basement membrane composition have been demonstrated during tooth
crown development (Thesleff and Hurmerinta, 1981).
The ERS Hypothesis

The origin of cementoblasts is uncertain and the mechanisms

responsible for cementoblast induction are unclear (Thomas and Kollar,
1989). From a radioatuographic study it was concluded that cementoblasts

originate from the dental sac (Ten Care et al., 1971). In this study, whole tooth
germs in mouse were labelled with 3H-thymidine and then transplanted
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subcutaneously. When cementoblasts developed as labelled cells, it was
concluded that their origin must be from the labelled dental sac. Developing
root surface has been studied following ERS fenestration to examine the

ultrastructural pattern of cementoblast differentiation within the dental sac
(Thomas and Kollar 1989). It was concluded that there is no evidence that

dental sac cells diferentiate into cementoblasts following contact with the root

surface. Rather, it appeared that the follicular cells remained at some distance

from the root surface. Cells which were

observed lining the forming root

surface were identified as being of epithelial origin, based on the presence of

desmosomes, intracellular tonofilaments, an underlying basal lamina, and

positive immunofluorescence for cytokeratins. These data appear to
contradict the previously described radioautographic study (Ten Cate et al.,

1971) suggesting that cementoblasts arise from the dental sac. However,
examination of the micrographs contained in that report demonstrate that

3H-thymidine incorporation

into tooth germs prior to transplantation,

labelled cells of the enamel organ in addition to those of the dental papilla.

As ERS cells are derived from enamel organ, labelling within cells identified
as cementoblasts is also consistent with their being of epithelial origin.

The observation that disrupted ERS cells stay in close proximity to the
root surface and display a morphology more commonly associated with

mesenchyme raises the possibility that an epithelio-mesenchymal
transformation occurs in ERS during cementogenesis. Epithelial-

mesenchymal transformation is a recognized feature of embryonic
development and has been described in a variety of situations including the
formation and migration of neural crest (Nichols, 1981), sclerotome

formation (Solursh et al., 1979), and development of the Mullerian duct
(Trelstad et al., 1982). Epithelial-mesenchymal transformation has also been
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demonstrated in in vitro cultures of lens epithelium (Greenburg and Hay,
1982) and epithelial root sheath (Thomas and Kollar, 1989) within collagen

gels. When ERS was cultured under these conditions, it cells lost typical
epithelial morphology, became bipolar, more closely resembled mesenchymal
cells and expresses vimentin.

W

Development of the Periodontium

Weski (1921) was one of the first authors who claimed that the

periodontium was an organic, physiological unit. He based his arguments on
the following statements" 1) the alveolar process is resorbed, partially or

totally, following the loss of teeth, 2) destruction in the course of periodontitis
is limited to tissues, in particular bone, immediately surrounding the root(s)

of teeth, 3) the dental follicle gives rise to both periodontal ligament and the
alveolar process, and 4) these later tissues, including the epithelial rests of

Malassez, follow any physiological, pre-and posteruptive movement of the
tooth.
The developmental aspects of the periodontal unit were emphasized by

Landsberger (1923, 1925). This author removed all deciduous and permanent
tooth germs unilaterally from newborn dogs and realized, about 12 months
later, that the alveolar process had failed to develop (Landsberger, 1923).

Furthermore, in histological studies of human embryos and fetuses, it has
been shown, that the dental follicle is the most essential factor for the

development of the alveolar process (Landsberger, 1925).
There is currently stronger evidence for considering that the

periodontium forms and behaves as a biological unit. This evidence derives
mostly from experiments involving transplantation of tooth germs. Prior to
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the onset of the formation of enamel and dentin, the tooth germ is comprised

of the enamel organ, which undergoes a series of developmental stages, and
the dental papilla and the dental follicle proper, both of which derive from an

early cell condensation surrounding the enamel organ. There is some
evidence that this condensation of cells is derived from the neural crest and,

therefore, represents a particular population of ectomesenchymal cells (Gaunt
and Miles, 1967; Ten Cate, 1969; Weston, 1970; Johnston and Listgarten, 1972).
Based on transplantation and autoradiographic experiments (Ten Cate
et al., 1971) it has been suggested that dental follicle cells contribute to the

development of the periodontium. The following findings unequivocally
demonstrate that the formed periodontal tissues originate from transplanted

dental sac tissue. 1) examination of histological sections of removed tooth

germs showed that a layer of dental sac cells adhered to the outer enamel
epithelium, 2) autoradiographs of tooth germs after exposure to the tritiated
thymidine in vitro demonstrated heavy labelling of constituent cells of dental

organ, including the dental sac cells; and 3) transplantation of labeled tooth

germs for different periods showed that tooth development occurred with
associated bone, cementum and periodontal ligament. Labelled periodontal

ligament fibroblasts and cementoblasts was a consistent observation in

successfuly transplanted tooth germs. However, it is not clear that all
ligament fibroblasts are derived from transplanted tissue, since other workers
have shown that there may also be a perivascular or hematogenous source of

periodontal fibroblasts (Freeman and Ten Cate, 1971; Ten Cate 1972a, b; Gould
et al., 1977, 1980; McCulloch and Melcher, 1983) in developing and in adult

teeth. The experiments of Ten Cate et al., 1971 described above did not

unequivocally establish the origen of the bone forming cells. Although some
mononuclear cells were found external to the forming bone in some of the
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transplants, suggesting a rejection phenomenon, the minimal radioactive
labeling found in only a few cells associated with the bone made it difficult to
draw any definitive conclusion (Ten Cate, 1975).

It has been demonstrated that tooth germ components, i.e. dental

papilla, dental follicle proper, and enamel organ separated by enzymatic
digestion, can be recombined and, after 4 weeks of heterotopic development
in the anterior chamber of the eye of homologous animals, form teeth with

their roots surrounded by fibrous connective tissue attached to root
cementum and an adjacent shell of bone (Yoshikawa and Kollar, 1981).
Similar results were obtained with a recombination of dental papilla and

enamel organ, omitting the dental follicle. Thus, the dental papilla is able to

regenerate the dental follicle, and both tissues are derivatives of the same
source, i.e., the ectomesenchymal cell population condensing around the

developing enamel organ.
For these reasons, accepting the dental follicle as the primary source of
cells for the development of all three supporting periodontal tissues (i.e.,
cementum, periodontal ligament and alveolar bone

proper) implies that "in

the development of the dental arch the alveolar process consists both of bone

formed independently of tooth development and bone formed in

conjunction with and originating from the tissues of the developing teeth"
(Barret and Reade, 1981).

Go

Tissue Interactions in the Periodontium

Interactions between tissue components are an essential feature of

normal embryonic development. The interactive processes between cells and
tissues are important, not only for the initiation of differentiation, but
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probably also for the maintenance of differentiated organ systems. The
periodontium forms a complex functional unit whose development has been
limited to descriptive studies. There is little data available (in contrast to the
studies of epithelial-mesenchymal interactions in other

systems) on possible

interactions during the development of periodontal tissues. Especially

lacking are in vitro organ or

cel culture studies of the maintenance of the

mature tissues of the periodontal ligament.

In studying epithelial-mesenchymal interactions of adult tissues, it has
been examined the relationship between connective tissue on epithelial
tissue architecture and keratinization (MacKenzie, 1984, MacKenzie and

Dabelsteen, 1987). The epithelial and connective tissue components of skin
and mucosa from various regions of adult mice were separated and
recombined homo-or heterotypically. After transplantation to

histocompatible hosts for various periods (3-20 weeks), the epithelium of
heterotypic recombinations acquired features of tissue architecture or
keratinization typical of the epithelium

normally associated with the

connective tissue component (MacKenzie and Hill, 1984). The expression of

epithelial cell-surface antigens (blood-groop antigens) also changed in some
recombinations (MacKenzie and Dabelsteen, 1987). These findings

demonstrate that connective tissue is capable of signalling redirection of the

pattern of epithelial gene expression. It has been suggested that connective
tissue influences adult epithelial morphogenesis (Cunha et al., 1983) and

cytodifferentiation in the adult periodontium MacKenzie, 1984).
There are a number of situations in the adult periodontium where the
maintenance of tissue characteristics may be the result of stimuli

produced by

interacting tissues. Most studies favor the hypothesis that epithelial

specificity is maintained by a morphogenetic message from the underlying
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connective tissue, or is in some way controlled by an interaction between the

two tissues (Billingham and Silvers, 1968; Gillette, 1971). This view is

supported by the findings of heterotopic transplantation of gingiva and
alveolar mucosa (Karring et al., 1971, 1975). If tissue flaps of non-keratinizing

epithelium (alveolar mucosa) or keratinizing epithelium (gingival and

palatal mucosa) of the adult monkey are transplanted together with their
respective subepithelial connective tissue, the tissue specificities of each

grafted mucosal epithelium are conserved even if placed in heterotopic sites
(Karring et al., 1971). Furthermore, when the connective tissue from either
keratinized gingiva or non-keratinized alveolar mucosa is transplanted to the

alveolar mucosa, allowed to heal, then removed from the surface epithelium,

only the grafted gingival connective tissue becomes covered with keratinized
epithelium (Karring et al., 1975). This indicates that histodifferentiation of
the oral epithelium in the adult is determined by the information provided

by the connective tissues.
Several phenomena in the periodontal tissues (normal or pathological)
seem closely related to the presence of epithelium. For example, in

periodontitis, downgrowth of gingival epithelium along the root surfaces

usually accompanies inflammatory destruction of the connective tissue
attachment. The healing wounds often involves downgrowth of epithelium,

resulting in a long junctional epithelium which prevents periodontal tissue
repair (reattachment) and regeneration (Stahl, 1977; Nyman et al., 1980, 1981).
It is also of interest that the root surface adjacent to the most apical position of
the epithelium often is devoid of cementoblasts (McHugh, 1963). A similar
situation is found also at comparable sites during gingival wound healing

(Stahl and Slavkin, 1972).
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Recent studies suggest that epithelial cells may exert some influence on
their associated connective tissue (Bernfield, 1970; Slavkin et al., 1975;

Merilees et al., 1983). Cultures of gingival and skin epithelial cells are

reported to be capable of producing a bone resorption factor (Jacobsen and
Goldhaber, 1972, 1973). The cell rests of Malassez in culture can produce

prostaglandins (Brunette et a1.,.1979) and other bone resorption factors (Birek
et al., 1983). Epithelial cells in culture have also been reported to

phagocytose

and digest collagen (Birek et al., 1980). It has been shown that the synthesis of

ECM molecules in adult gingival and periodontal ligament fibroblasts can be
modulated by various epithelial cells (Hou, 1987). Furthermore, accumulated
evidence demonstrates that epithelial cells can modulate the synthesis of

ECM molecules such as collagen, fibronectin, and glycosaminoglycan
(Bernfield, 1970; Slavkin et al., 1975; Merilees and Scott, 1981).
Another interesting aspect of the adult periodontal tissue is that the

periodontal space is maintained throughout life and is not impinged upon by

adjacent bone and cementum. One unresolved conflict related to this issue is
that the periodontal ligament does not normally mineralize and seems to
have an inhibitory effect on bone formation, while some periodontal

ligament cells are believed to differentiate into osteoblasts lining the alveolar
bone surface. Early observations (Melcher, 1970) have shown that if the

periodontal ligament is exposed but not removed, the wound is never
occupied by bone. However, when the ligament is removed, bone invades
the periodontal space and tooth ankylosis occurs.
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VI.

PERI ODONTAL LI GAMENT

Developmental Aspects
It is from the dental sac that the periodontal supporting tissues of the
tooth are presumably derived (Hoffman, 1960; Ten Cate et al., 1971; Ten Cate
and Mills, 1972; Palmer and Lumsden, 1987). Morphologically, the dental sac
consist of three distinct layers. An outer layer of fibrous tissue related to the

periosteum and the bone surfaces, comprised of a vascular mesenchyme, an
intermediate avascular zone of loose connective tissue, and an inner

vascular, fibrocellular condensation, three to four cells thick layer related to
the enamel organ, to the dental papilla and, later, to the root (Tongue, 1963;
Berkovitz and Moxham, 1981). Based on labelling transplantation studies

(Ten Cate et al., 1971; Ten Cate and Mills, 1972) it has been proposed that only

the inner investing layer should be considered as the dental sac proper as it

gives rise to cementum, PDL, and bone.
Hoffman (1960) was the first to examine the formation of periodontal
tissues in subcutaneously

transplanted hamster molars. Although donor

bone was not included in the transplants, a shell of bone and PDL-like tissue

formed around the roots of the transplanted molar tooth germs. The fibers of
this periodontal ligament were randomly arranged, in contrast to those of the

natural ligament which were grouped into bundles. As these transplants
included at least part of the dental follicle, it was concluded that "the

periodontal ligament and alveolar bone shell are derivatives of the dental
sac" and that "the development of the dental organ, the tooth, it periodontal
ligament, and shell of alveolar bone appear to represent a morphogenic organ
field". Tooth germs were subsequently transplanted to a variety of sites
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including subcutaneously (Atkinson and Lavelle, 1970; Ten Cate et al., 1971;

Ten Cate and Mills, 1972), intramuscularly (Hoffman, 1967), to the anterior
chamber of the eye (Goldman and Gould, 1965a, b; Yoshikawa and Kollar,

1981), the mammary fat pad (Riviere et al., 1971), the renal subcapsular site
(Barret and Reade, 1981, 1982), and the cheek pouch of the Syrian hamster (A1Talabani and Smith, 1978, 1980). In all these heterotopic extraosseous
environments, a shell of bone and periodontal ligament-like tissue with

fibrous attachment to bone and cementum was observed after 20-200 days in
vivo.

In culture studies of mouse tooth germs, it was found that when these

were cultured on gelatin sponges for thirty seven days they lost their

characteristic morphology and appeared as a layer of undifferentiated

epithelium on the sponge surface, with mesenchymal cells scattered

throughout the interstices (Main, 1966). Interestingly, when these few cells
were implanted subcutaneously in host animals, they develop into a tooth
with normal dental tissues including dentin, cementum and a structure

corresponding to the investing layer of the tooth germ. Tooth germs have
also been transplanted to heterotopic intraosseous locations including femur

(Hoffman, 1967; Atkinson and Lavelle, 1970), the parietal bone (Freeman et
al., 1975), and the tibial shaft medulla (Barrett and Reade, 1982), with similar
results. When first molar tooth germs with intact dental sac were implanted
into small holes

prepared in the parietal bone of syngenetic adult male mice,

the newly formed shell of isograph-related, woven embryonic bone fused
with surrounding bone and within 24 days a true gomphosis formed

(Freeman et al., 1975). Additionally, whole tooth germs can induce bone
formation in sites considered highly resistent to bone formation

e.g. adult

renal subcapsular region (Barrett and Reade, 1981). These observations

43

support the concept that PDL and bone are derived from the investing layer of
dental sac rather than other mesenchymal tissues.
Evidence also exists that epithelial root sheath (ERS) may play an
essential role in development of the alveolar bone and periodontal ligament.

As transplanted tooth germs with dental sac inherently include ERS, several
investigators have proposed that epithelium may be necessary for bone
induction (Hoffman, 1960; A1-Talabani and Smith, 1978; Barrett and Reade,

1981). Transplant experiments where tooth germ components were first

enzymatically separated and then recombined in various ways have
demonstrated periodontal attachment formation only in combinations where

epithelial cells were deliberately or perhaps inadvertently included
(Andreasen and Kristerson, 1981; Yoshikawa and Kollar, 1981; Palmer and

Lumsden, 1987). PDL formation has been observed in recombinations of
enamel organ epithelium with dental sac (Yoshikawa and Kollar, 1981;
Palmer and Lumsden, 1987). In this experiments, the dental sac tissue may
have contained fragmants of ERS, as the epithelium typically remains with

the follicular tissue during tissue separation procedures. MacNeil and

Thomas (1989), observed bone formation in recombinations of dental sac and
dentin with basement membrane suggesting that the presence of basement

membrane on the root surface promotes the formation of a mineralized,
cementum-like tissue attachment to dentin. Furthermore, recombinations of

dental sac, dentin devoid of basement membrane, and ERS demonstrated
similar results, suggesting that the ERS may reproduce a basement membrane

on dentin or may interact with dental sac. A role for epithelium in PDL

regeneration is also suggested in studies using mature tissues. When adult

monkey incisors were extracted, root-planed, and combined with various
dental tissues (PDL, gingival connective tissue, dental sac, enamel organ

epithelium, etc.) before replantation into their original sockets, reparative
cementum formation and periodontal ligament regeneration was observed in

areas where epithelial cells (i.e., ERS) were preserved within dental sac

(Andreasen and Kristerson, 1981), or when enamel organ epithelium was
included (Lindskog et al., 1988). These results agree with the early

reimplantation studies of L6e and Waerhaugh (1961) where PDL regeneration
was associated with the successful preservation of epithelial rest cells within

the retained periodontal tissues. Collectivelly, these observations strongly

suggest that epithelium may be necessary for the formation and regeneration
of periodontal attachment.

B.

Structure

The periodontal ligament is a particular connective tissue which

occupies the periodontal space, i.e., it lies between the surface of the root(s) of
teeth and the wall of their alveolus, connecting root cementum to the

alveolar bone proper. It is not only densely fibrous but also extraodinarily

cellular and vascular. The periodontal ligament consists of cells, connective
tissue fibers, and interstitial tissue, with ground substance, blood, lymphatic

vessels and nerves.
The cells of the periodontal ligament may be divided into three major

types" connective tissue cells, epithelial cells, and defense cells. Connective
tissue cells include various populations of fibroblasts, osteoblasts,

cementoblasts, and osteo-and cementoclasts. Epithelial cells include the rests
of Malasses. Defense cells, including macrophages, eosinophils, and mast
cells may be seen in the noninflamed healthy periodontal ligament.
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The fibers of the periodontal ligament and the ground substance
constitute major parts of its extracellular material. The fibers are composed

largely of collagen and some reticulin. In addition, there is a variable portion
of oxytalan fibers. Elastic fibers, except for those restricted to the walls of small
blood vessels, are absent from the human periodontal ligament, although

they occur in coronal ligament portions of the rabbit, dog sheep, pig, and deer
(Fullmer, 1960; Fullmer et al., 1974). Most of what we know about the various
periodontal ligament fibers has been reviewed both from a structural
(Gathercole and Keller, 1982; Sloan, 1982) and a biochemical point of view

(Carmichael, 1982;

Narayanan and Page, 1983).

The space between cells, fibers, blood vessels, and nerves in the

periodontal ligament is occupied by ground substance. The ground substance
is made

up of two major groups of substances, glycosaminoglycans and

proteoglycans.
i.

Fibroblasts

The most numerous cell population are fibroblasts, which, in the
mouse and rat incisor ligament, occupy about 50% of the volume of the

densely collagenous portions (Beersten and Everts, 1977; Shore and Berkovitz,
1979). Most of what we know about this cell relies upon animal studies,

particularly rodent rather than human tissue. In general, the shape of
periodontal ligament fibroblasts varies with their orientation between
connective tissue fibers. In regions where fibers and fiber bundles are densely

packed and follow a straight course from bone to cementum, fibroblasts

appear elongated and orientated along the fiber axis, while in the loose
interstitial tissue associated with neurovascular elements, the cells may be
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ovoid, spindle-shaped or elongated. Cell shape, also varies with the plane of

sectioning (Beersten and Everts, 1977; Shore and Berkovitz, 1979).
Since fibroblasts are responsible for secreting the extracellular proteins

of connective tissue, they contain all the intracellular organelles necessary for
their synthesis. These organelles are particularly abundant in the periodontal

ligament where there is a rapid turnover of extracellular protein (Sodek,
1977). Ultrastructural studies on the human (Bevelander and Nakahara,

1968), the mouse (Beertsen and Everts, 1977), and the rat (Beersten at al., 1974;
Shore and Berkovitz, 1979; Shore et al., 1981) periodontal ligament revealed

the details of fibroblast shape and fine structure.

As cell density is very high, at least in areas of closely packed collagen
fibers, where cells occupy 40-60% of the ligament volume (Beertsen and

Everets, 1977; Shore and Berkovitz, 1979; Shore et al., 1981), cytoplasmic

processes of different fibroblasts frequently contact each other, forming at least
three structurally distinct cell junctions, i.e., simplified desmosomes, gap

junctions (nexus), and close contacts (Beertsen et al., 1974; Shore et al., 1981).
Much attention has been paid to the presence of intracellular

collagen

fibers within periodontal ligament fibroblasts and these have been linked
with collagen degradation (Listgarten, 1973; Shore and Berkovitz, 1979; Ten

Cate, 1972b). Previously, collagen degradation had been regarded as an
extracellular process. However, intracellular collagen profiles also have been

observed in other sites of rapid collagen breakdown such as cranial sutures
and wound repair (Ten Cate and Freeman, 1974).

Attempts have been made

to clarify these questions by the injection of the electron-dense marker

thorium dioxide (Ten Cate et al., 1976), and by histochemical techniques for

the localization of alkaline phosphatases (Deporter and Ten Cate, 1973; Ten

Cate and Syrbu, 1974).
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ii.

Osteoblasts

Osteoblasts within the periodontal ligament are found adjacent to the
surface of alveolar bone. Their presence is indicative of bone formation.
When most active, they form a layer of columnar cells which exhibit a

strongly basophilic cytoplasm. The prominent round nucleus tends to lie
towards the basal end of the cell. Like fibroblasts of the ligament, active

osteoblasts contain and extensive rough endoplasmic reticulum and
numerous mitochondria and vesicles. However, their Golgi appears more
localized and extensive than that found in fibroblasts. Microtubules and
microfilaments are also seen, their presence presumably being associated with

morphogenesis and secretion. The cells contact one another by means of
desmosomes and tight junctions. The cell surface adjacent to bone has many
fine cytoplasmic processes some of which contact underlying osteocytes by

tight junctions to form part of a transport system throughout the bone tissue

(Holtrop and Weinger, 1972). As bone deposition proceeds, osteoblasts
become incorporated into bone as osteocytes (in which the quantity of

cytoplasmic organelles becomes reduced).
iii.

Cementoblasts

Cementoblasts resemble osteoblasts and their appearance depends

upon

their functional state. When active, they form a recognizable

layer of

cells adjacent to the cementum (especially during root formation). Their

shape is not as regular as that of osteoblasts and their intracytoplasmic

organelles associated with protein synthesis are less prominent and well
ordered. Apart from their location immediately adjacent to cementum, it
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may be difficult to distinguish cementoblasts from periodontal fibroblasts
(Berkovitz and Shore, 1982). Indeed, since some of the processes of
cementoblasts do not approach the cementum and their cytoplasmic contents
are not polarized, the cells may contribute some protein to the ligament.
iv.

Osteoclasts

Surface resorption of bone is carried out by osteoclasts though it has
been claimed that osteolysis within bone can occur under the influence of

osteocytes (Belanger, 1971). Typically, osteoclasts are large multinucleated
cells lying within resorption lacunae at the surface of bone. They do not

appear to cover the entire resorbing bone surface at any one time (Owen and
Shetlar, 1968) and tissue culture studies have shown them to be mobile

(Hancox, 1972). The bone surface between osteoclasts is covered by
uninucleated cells whose function is uncertain but which

may be osteoclast

precursors (Owen, 1971). Using tritiated thymidine, it has been demonstrated
that osteoclast nuclei do not synthesize DNA and therefore do not divide

(Young, 1963). Evidence is available to show that the nuclear population may
be continually changing during the life of the cell, with new nuclei entering
and others leaving. It has been suggested that the nuclei leaving an osteoclast

may return to the osteo-progenitor pool (Young, 1962). At light microscopy,
the cell surface in contact with the bone forms a ’brush border’. Beneath this

border, the cytoplasm has a characteristic ’foamy’ appearance.

Ultrastucturally, the brush border is comprised of many tightly packed
microvilli which may be coated with fine bristle-like structures (Kallio et al.,
1971). At the circumference of the brush border, the plasma membrane tends
to become smooth and the cytoplasm beneath it more dense. It has been
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suggested that this modified ’annular’ zone may serve to limit the diffusion
of hydroliytic enzymes, thereby creating a microenvironment in which
resorption can take place (Malkani et al., 1973). This arrangement might be
the most efficient in terms of energy expenditure and material conservation.

As fibroblasts, osteoclasts contain all the intracellular elements.
Intracellular collagen fibers have not been observed within osteoclasts,

suggesting extracellular digestion of bone collagen. This may be related either
to the presence of a localized extracellular microenvironment (delineated by

the annular zone of the osteoclast) or to differences in the physical or
chemical properties of bone and periodontal ligament collagen. Another

explanation may be that osteoclast is only involved in the initial stages of
resorption and that the final degradation of collagen is undertaken by

adjacent fibroblasts (Heersche and Deporter, 1979).
v.

Epithelial Cells

These cells were first described by Malassez in 1884 and are the
remnants of the epithelium of Hertwig’s epithelial root sheath. These

epithelial cells are distinguishable from adjacent fibroblasts by the close

packing of their cuboidal cells and their tendency to stain more deeply. In
human beings and other mammalian species such as pigs, nonhuman

primates, and rodents, the epithelial rests initially form a dense network
which surrounds the roots of teeth in a distance of about 30-40mm from their

surface (Valderhaugh and Zander, 1967).
Differences have been noted in the distribution of epithelial cells in

humans beings according to age and site. They appear to be more numerous
in children than in adults (Reeve and Wentz, 1962). During the first and
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second decades of life the epithelial cells were found most commonly in the
apical region of the periodontal ligament, whereas between the third and
seventh decades the majority of cells were located cervically in the gingiva
above the alveolar crest (Reitan, 1961). This change in distribution has been

related to the presence of chronic inflammation in the area of the gingival
sulcus. It has been suggested that some of epithelial cells in the cervical

region may originate from the epithelium of the gingiva or from the
junctional epithelium (Wentz, et al., 1950). In studying the development and
fate of epithelial rests in miniature swine, a possible continuity between the

epithelial cells and the reduced enamel epithelium before eruption and the
junctional epithelium after eruption has been described (Grant and Bernick,
1969).
The ultrastructure of the epithelial rests of the human and mouse

periodontal ligament has been described (Valderhaug and Nylen 1966;

Valderhaug and Zander 1967; Listgarten, 1975b). The epithelial cells are
separated from surrounding connective tissue by a basal lamina. It has been
shown that this lamina may be fragmented (Listgarten, 1975b). The nucleus
of each cell is prominent and often shows invaginations. The scanty

cytoplasm is characterized by the presence of tonofibrils. Tight junctions also
occur between the cells. Mitochondria are distributed throughout the

cytoplasm, while the rough endoplasmic reticulum and the Golgi complex
are poorly developed. Other cell inclusions such as vesicles and granules are
present in varying amounts (Valderhaug and Nylen, 1966).
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vi.

Defense Cells

The macrophages, eosinophils and mast cells within the periodontal

ligament are similar to those in other connective tissues, though studies of
their distribution are lacking.

Macrophages are responsible primarily for phagocytosing particulate
debris and are derived from blood monocytes. The morphology and internal

organization of the macrophage depends upon its state of activity and the
tissue within it is found. When resting,

tl’iey assume a round or ovoid shape

and may not be readily distinguishable histologically from fibroblasts, though
it has been stated that their nuclei are small and stain more intensely (Leeson

and Leeson, 1970). Ultrastructurally, features which help distinguish the

resting macrophage from active fibroblasts are: 1) the paucity of rough

endoplasmic reticulum, 2) the presence of thin finger-like projections from
the cell surface and 3) the characteristic presence of many lysosomes and other
membrane-bound vesicles of varying density. Like fibroblasts, however, they
contain Golgi

complex and mitochondria. When active, macrophages have

many mitochondria and vesicles and may possess large branching processes.
In addition to their phagocytic activity there is evidence that they secrete
enzymes such as lysosyme, elastase and collagenase, interferons and certain
proteins of the complement system (Goldberg and Rabinovitch, 1977).

Eosinophils are seen occasionally within the periodontal ligament.
The shape of the cell is generally round or ovoid and the nucleus is

polymorphic. Microvilli may project from the cell surface. The cells are

capable of phagocytosis and increase in number in certain pathological
conditions.
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Mast cells are often associated with blood vessels. In histological
sections, the nucleus of the cell is comparatively pale and undefined, unlike

that of surrounding fibroblasts where the nucleus is the most prominent
feature. Mast cells can be readily distinguished because of their intense

staining reaction with basic aniline dyes. The staining property is due

primarily to the presence of large numbers of intracytoplasmic granules. The

granules are seen as dense membrane-bound vesicles of varying sizes. Other
cytoplasmic organelles are relatively sparse although more abundant in

younger cells (Combs, 1966). Numerous functions have been ascribed to mast
cells (see review by Selye, 1965), the most important relating to the production
of histamine, heparin and factors associated with anaphylaxix (Austen, 1974).

They may also produce prostaglandins which appear to be important in the
regulation of histamine release (Whittle, 1977).
vii.

Collagen and Reticulin

The collagen of the periodontal ligament is mostly type I though some

type III is present. In the mammalian periodontal ligament, the individual

collagen fibrils comprising fibre bundles tend to be of a fairly uniform width
of approximately 55mm. Large fibril diameters have been associated with
ageing of tissue (Torp et al., 1975), suggesting that the small fibril diameter in
the periodontal ligament could be related to the high rate of collagen
turnover. The vast majority of collagen fibrils in the periodontal ligament

are believed to be grouped together to form bundles (Melcher and Eastoe,

1969) though their precise arrangement is controversial.

Cross-banded collagen fibrils also occur in a non-aggregated form. Such
fibrils are probably composed of type III collagen and are associated with
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abundant ground substance forming the material known as reticulin
(Melcher and Eastoe, 1969). Though reticulin forms a supporting framework
in the lympho-reticular system, its mechanical properties are likely to be

inferior to those of aggregated collagen fibers. It is therefore unlikely that
reticulin plays a supportive role in the periodontal ligament. Reticulin is

often confused with collagen, as both materials are argyrophilic and occur in
the same site. It has been suggested that in the developing periodontal

ligament reticulin may form a lattice-work in which the highly orientated
principal fibers develop (Melcher, 1966). Persistence of such a lattice-work
would account for the presence of reticulin in the formed periodontal

ligament.
viii.

Oxytalan

Special connective tissue fibers, termed by Fullmer and Lillie, (1958)
oxytalan fibers, have been found in the periodontal ligament of man,

monkeys, guinea pigs, rats and mice (Edmunds et al., 1979; Fullmer et al,
1974). These fibers have a similar distribution to the elastin fibers which
occur in the periodontal ligaments of deer, swine, cattle, and dogs and are

believed to be related to elastin fibers (Fullmer et al, 1974). They have never

been isolated, however, and therefore very little is known of their

composition or properties. The available data concerning oxytalan fibers has
been obtained using histochemical and ultrastructural techniques. Oxytalan
fibers are characterized by their ability to stain with aldehyde fuchsin only
after their oxidation with a suitable oxidizing agent (Fullmer, 1960). As this is
also a property of pre-elastin fibers, it is impossible to distinguish between the
two fibre types

histochemically. Also, oxytalan and pre-elastin fibers have a
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similar ultrastuctural appearance in that they both consist of an organized

assemblage of fibrils arranged parallel to the long axis of the fibre and with
variable amounts of interfibrillar material. It seems impossible, therefore, at

the present time, to know whether oxytalan fibers are modified pre-elastin
fibers (Ross, 1973), or whether they represent a completely different type of

fibre. Oxytalan fibers retained their histochemical properties and could be

distinguished from elastin fibers in experimental lathyrism (Sims, 1977). In

prolonged lathyrism, when the collagen and elastin in the mouse
periodontium exhibited marked changes, the oxytalan fibre network persisted
and retained its histochemical properties (Sims, 1977). Thus, it seems that

although there may be some relationship between oxytalan and elastin fibers,
the two types are metabolically distinct in character.

G y cos a mi n ogl y cans

GAG’s (see page 22) in the periodontal ligament have been
investigated by autoradiographic (Baumhammers and Stallard, 1968),
histochemical (Mashouf and Engel, 1975), and electron microscopic (Plecash,

1974) methods. However, there have been few attempts to isolate them from
the tissue for full characterization. From the periodontal ligament, two
different proteoglycans have been isolated, a proteodermatan sulfate and a

proteoglycan containing hybrids (Gibson, 1979).
Co

Relationship between Cells

The cells of the periodontal ligament form a three-dimensional

network, and, in appropiately oriented sections, their processes can be seen to

surround the collagen fibers of the extracellular substance. Cells of
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periodontal ligament associated with bone, fibrous connective tissue, and
cementum are not separated from one another, but adjacent cells generally
are in contact with their neighbors, usually

through their processes. The

nature of these junctions has not yet been elucidated satisfactorily.

Although

many appear to be zonulae occludents, it is believed that they are in fact gap
junctions. Gap junctions in other tissues occur between cells that have been
found to be in direct communication with one another (Shore et al., 1981). It
is evident that some form of communication must exist between the cells of

the periodontal ligament; otherwise, it is difficult to see how the homeostatic
mechanisms that are known to operate in the periodontal ligament could

function. This enormously dense network of contacting and interconnecting

periodontal ligament cells is of particular interest in terms of remodeling, the
turnover rate, and the functions of this tissue.

Do

Cellular

Age Changes

A decrease in cellularity of the periodontal ligament with age has been

reported in the molars of the rat (Kilingsberg and Butcher, 1960; Jensen and
Toto, 1968), hamster (Kilingsberg and Butcher, 1960), mouse (Toto and Borg,
1968) and monkey (Kilingsberg and Butcher, 1960). It has also been shown by

autoradiographic studies using tritiated thymidine that there is a reduction in
the number of mitotic cells within the periodontal ligament in the molars of
the rat (Jensen and Toto, 1968), and mouse (Toto and Borg, 1968). It has been

suggested that cellular age changes may be associated with increasing
insolubility of collagen and with a comparative reduction in the amount of
acid mucopolysacharides (Toto and

Borg, 1968).

This is

thought to result in a

decrease in movement and availability of DNA precursors. In addition,
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degenerative age changes have been reported within the vascular system
(Grant and Bernick, 1972) and these may also have an effect on cellular

ageing. However little information exists concerning these hypotheses.

VII.

CEMENTUM
Ao

General Description

Human cementum was first examined in detail by pupils of the classic

physiologist from Prague,

Juan E.

Purkinje. Root cementum provides

anchorage to the collagen fibers of the PDL and for the gingival attachment
apparatus. Its deposition continues throughout life (Scott et al., 1982) and is
thought to be influenced by functional and masticatory forces of the
periodontium. Traditionally, two types of root cementum have been
described. Acellular, which develops first and is found in the cervical third or

half of the root, and cellular, which appears later and is found largely in the

apical half of the root. Both types of cementum are characterized by
incremental lines and these layers of acellular and cellular cementum can

alternate in almost any fashion (Armitage, 1986). Cellular cementum is

frequently found on the surface of acellular cementum and usually comprises
the entire thickness of apical cementum.

B.

Structure

Cementum from fully formed permanent human teeth contains about
45-50% inorganic substances and 50-55% organic material and water. The

inorganic portion consists mainly of calcium and phosphate in the form of

hydroxyapatite, although numerous trace elements, including fluoride, can be
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found in varying amounts (Hals and Selvig, 1977). The organic matrix
consists mainly of collagen type I (Christner et al., 1977) and GAG’s in

composition intermediate between that of bone and dentin (Smith et al.,
1983). The collagen fibrils within the cementum matrix are typically random
in orientation, although the collagen bundle precursors to Sharpey’s fibers

tend to lie perpendicular to the mineralization front (Furseth, 1970).

Cementum is the product of one or more particular types of cells; these are
cementoblasts, cementocytes, and fibroblasts of the periodontal ligament (see

page 45). All three cell types originate from the ectomesenchymal cell
population of the dental follicle.
i.

Cementoblasts

Following odontoblast differentiation and initial dentin formation, the
ERS overlying root dentin becomes discontinuous, allowing adjacent dental
sac cells to contact the unmineralized surface of root dentin. These sac cells

differentiate into cementoblasts and begin to form cementum (Armitage,
1986). Mineralization of the unmineralized dentin surface zone occurs from

the cemental side. This mineralization appears to be controlled by the newly
differentiated cementoblasts and, thus, becomes part of the first-formed

Collagen fibrils of the PDL increase in number and thickness in
areas where the ERS has perforated. These fibrils pass between the newly

cementum.

differentiated cementoblasts and become incorporated into cementum. The

displaced cells of the ERS, the epithelial cell rests of Malassez, lie in small

groups within the PDL (Armitage, 1986). Thus, cementoblasts differentiate
from the layer of ectomesenchymal cells surrounding the tooth germ,
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continous with the dental papilla (see

page 4). This has been confirmed by

autoradiographic studies (Freeman and Ten Cate, 1971; Ten Cate et al., 1971).
Like osteoblasts, cementoblasts (as described in

page 45) are cuboid in

shape, about 8-12mm in diameter, and their structure resembles cells actively
synthesizing proteins and polysaccharide-complexes (Bevelander and
Nakahara, 1968; Furseth, 1970; Jande and Belanger, 1970). Their nucleus is
euchromatin-rich; their cytoplasm strongly basophilic. They may project a
variable number of cytoplasmic processes and their actual shape depends on
their position between collagen fibers.
ii.

Cementocytes

Cementocytes

are derived from cementoblasts enclosed in their

product. Structurally and functionally, they resemble osteocytes. Analogous
to osteocytes,

young and mature cementocytes can be differentiated

(Bevelander and Nakahara, 1968). The structure of young cementocytes is
similar to that of cementoblasts, their cytoplasm contains fewer organelles.

With increasing maturation, cementocytes decrease in size, with their Golgi

complex and endoplasmic reticulum decreasing in volume, but their
lysosomal bodies and autophagic vacuoles increasing in number (Furseth,
1970). Cementocytes are about 15mm in diameter and possess many long

cytoplasmic processes. These cells are usually unique to cellular cementum

although entrappment of other cells, namely epithelial root sheath cells, has
been described (Lester, 1969a, b; Jande and Belanger,-1970).
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Co

Shroeder’s Classification for Cementum

Shroeder (1986) has recently attempted to further classify cementum
into four distinct types based on cellularity and fiber content. These types

include acellular afibrillar cementum (AAC), cellular intrinsic fiber
cementum (CIFC), acellular extrinsic fiber cementum (AEFC) and cellular

mixed stratified cementum (CMSC).

An often confusing term in cementum nomenclature is intermediate
cementum. Schroeder (1986) does not consider intermediate cementum to be
a true cementum and does not include it in his classification scheme.

The

term intermediate cementum was refered to designate a peripheral, narrow

layer including cellular remains found between root dentin and cellular
cementum in the apical half of the root. This layer external to the granular

layer of Tomes forms the apical part of the dentinocemental junction whereas
in the coronal half of the root the junction is found by the hyaline,

homologous layer of Hopewell-Smith. Although there has been considerable
debate concerning the origin of intermediate cementum, recent reports

suggest that it may not be truly a cemental layer with its own histo-and
morpho-genesis (El Mostehy and Stallard, 1968), but may represent an area
between cellular cementum and dentin which contains cellular debris

trapped within a matrix. It has been proposed that these entrapped cells are
possibly of epithelial root sheath origin (Owens, 1976).
Acellular Afibrillar Cementum (AAC)

AAC contains neither cells nor intrinsic collagen fibers, apart from a
mineralized ground substance. It is believe to be a product of cementoblasts

and, in the human beings, is found as coronal cementum covering the
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enamel surface. Its thickness ranges between 1 and 15mm. AAC was first
described by Nasmyth (1939) and Owen (1840) and later described in a variety

of species by other investigators (Listgarten, 1968; Listgarten and Kamin, 1969).
Formation of AAC is preceeded by disintegration of the reduced enamel

epithelium which covers the enamel surface up to the termination period of

amelogenesis. At sites where the surrounding connective tissue contacts the

exposed enamel surface, deposition of coronal cementum begins with
formation of cementoid islands which generally fuse to form a continuous

layer. It is thought that cementoblasts differentiate from these surrounding
mesenchymal cells.
ii.

Cellular Intrinsic Fiber Cementum (CIFC)

CIFC contains cells but no collagen fibers that extend into and are
continuous with the periodontal ligament. It is a product of cementoblasts

and, in the human beings, is found mainly as a substance filled into

resorption lacunae of the root. Its thickness varies with the dept of
resorption.
The two major types of cementum are cellular mixed stratified
cementum (CMSC) and acellular extrinsic fiber cementum (AEFC).
iii.

Cellular Mixed Stratified Cementum (CMSC)

CMSC is composed of extrinsic and intrinsic fibers, varying in

proportion from one layer to the next, and may contain cells with uneven
distribution and density. It is a product of cementoblasts and of fibroblasts. In

human beings, it occurs primarily in the apical third of the root and the
furcations. It forms the tip of the apex and accumulates in root surface
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concavities, extending coronally to a variable extent. Its thickness varies

between 100 and 1000mm or more. Although the cellular elements of this
cementum are generally thought to be entrapped cementoblasts, numerous

researchers have demonstrated that a significant proportion of these cells may
be epithelial root sheath cells (Paynter and Pudy, 1958; Diab and Stallard, 1965;

Lester, 1969a, b). Cellular cementum formation may actually precede dentin
formation in the most apical aspects of the root (Lester, 1969b), and its rapid
rate and bulk of formation

may be related to posteruptive masticatory forces

(Louridis et al., 1972).

Acellular Extrinsic Fiber Cementum (AEFC)

AEFC is composed almost entirely of densely packed bundles of

Sharpey’s fibers and lacks cells. It may be a product of fibroblasts and of
cementoblasts providing the ground substance. In human beings it is found

primarily on the cervical third of root(s) but it may extend further apically. Its
thickness ranges between about 30 and 230mm. Sometimes termed acellular

or primary cementum, it is the first of the various types of cementum to be

found in root genesis. The matrix of AEFC contains more amino acids

(hydroxyproline and proline) and acidic amino acids (glutamic acid, aspartic
acid) than the cellular cemental matrix (Rodriguez and Wilderman, 1972).

AEFC has been examined by a variety of methods such as

microradiography (Selvig, 1964), light and transmission electron microscopy
(Selvig, 1964, 1967; Furseth and Johansen, 1970), and scanning electron
microscopy (Jones, 1981). The most characteristic structural features of AECF
are 1) its fibrous striations perpendicular to the root surface, which are caused

by the regularity of radially orientated, densely packed, and embedded fibers of
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the periodontal ligament; and 2) its lamellation, with incremental lines
running in short intervals parallel to each other and to the root surface

(Selvig, 1964, 1967).
VIII.

AGENTS TO SEPARATE BASEMENT MEMBRANE-ASSOCIATED
TISSUE IN VITRO

Basement membranes can be experimentally removed from or
preserved with their associated tissues by the selective use of certain chemical
agents. Although older tooth germs can be separated mechanically (Huggins
et al., 1934), the junction

morphology of younger tooth germs is too fragile to

permit clean mechanical separation. The two chemicals agents most

commonly used to separate tissues are trypsin and EDTA.
A.

Trypsin

Trypsin, usually used at 4C was once thought to digest the entire
basement membrane (Karcher-Djuricic et al., 1978; Thesleff et al., 1978). This

has since been disproven by using indirect immunofluorescence staining
(Lesot et al., 1981; Richman, 1984). Residual antigenic sites were noted for

type IV collagen and laminin on both the epithelial and mesenchymal
components. Fibronectin was, however, totally removed with the trypsin
treatment. The relatively low incidence of incomplete removal of these

components or component fragments coupled with its nonspecific proteolytic

properties nonetheless still maintains trypsin as the agent of choice for

complete removal of basement membrane material. Trypsin is believed to
weaken and degrade basement membrane by acting on its fibronectin and
heparan sulfate subcomponents (Bernfield, 1973; Woodley et al., 1983).
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B.

EDTA

EDTA (ethylenediaminetetraacetic acid) separates tissues but preserves
the basement membrane with associated mesenchymal tissue. The retained

basement membrane can be viewed by electron microscopy as an electron
dense layer and a fibrillar layer lying directly adjacent to the mesenchymal
tissue. The actions of EDTA are tought to be at the level of the lamina lucida

adjacent to the ephitelium (Lesot et al., 1981). Since fibronectin requires Ca ++
and

Mg

+/

to bind to cells, the EDTA chelates these ions and weakens this

fibronectin complex. Studies employing immunofluorescence techniques

have confirmed that all major basement membrane components are

preserved after EDTA treatment and are retained with the mesenchymal
tissue (Lesot et a1.,1981).

IX.

THE EFECT OF CITRIC ACID CONDITIONING ON ROOT DENTIN

SURFACES
Several studies have evaluated the effects of citric acid conditioning of
roots on the formation of a new connective tissue attachment (Crigger et al.,

1978; Selvig et al., 1981; Nalbandian and Cote, 1982). The prior treatment of

the root surface with saturated citric acid at pH 1 for 3 minutes has been

shown to improve the healing by increased functionally orientated collagen
fibre attachment, new cementum formation, and the inhibition of junctional

epithelium downgrowth (Crigger et al., 1978; Cole et al., 1980; Selvig et al.,
1981; Lopez, 1984). However, other studies have reported no beneficial effects

of citric acid conditioning of roots on the formation of a new connective
tissue attachment (Nyman et al., 1981; Gottlow et al., 1984;

Dreyer and van

Heerden, 1986). The exact mechanism by which citric acid conditioning

promotes new attachment is not clear. Possible explanations include
interdigitation of collagen fibrils of the dentin matrix with collagen fibrils
from the flap connective tissue (Ririe et al., 1980) and a delaying of the apical

migration of the dento-gingival epithelium (Crigger et al., 1978).
Studies in animals have "reported new connective tissue attachment on

denuded roots when preference was given for cells from the adjacent

periodontal ligament to populate curetted root surfaces (Aukhil et al., 1983;
Gottlow et al., 1984). The extent of new attachment formation following citric
acid conditioning of roots was related to the degree of coronal positioning of

the muco-periosteal flaps (Klinge et al., 1981). Thus, it is possible that the new

attachment seen after citric acid conditioning of roots is the result of coronal

migration of progenitor cells from the healthy periodontal ligament. This
assumption is supported by 1) the finding of new cementum confined to the
notch region following routine replaced flap surgery (Listgarten, 1972) and 2)

the absence of new attachment when roots are implanted in areas devoid of

periodontal ligament cells (Karring et al., 1980; Nyman et al., 1981). The
formation of new cementum on roots placed in an environment without

periodontal ligament cell progenitors of bone or cementum, could be ascribed
to the inductive principle of demineralized dentin

(Bang and Urist, 1967). It

has been demonstrated that demineralized dentin possesses a bone-inductive

principle capable of inducing mesenchymal cells to be transformed into
osteoblasts, which deposits osseous tissue on the surface of the implanted
matrix (Bang and Urist, 1967). These data

appear to contradict the previously

described results suggesting that diseased root surface that has been citric acid-

conditioned, is likely to form new connective tissue attachment, even if its

placed in

an environment without periodontal ligament cells

(Lopez, 1974).
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Apparently, fibronectin, when used with citric acid, enhanced the
regeneration of connective tissue attachment, possibly by increasing
interactions between exposed root surface collagen and fibroblasts within the

gingival connective tissue (Caffesse et al., 1985). More recently, in beagle dogs,
Gore-Tex periodontal material was effective in blocking gingival epithelial

downgrowth and connective tissue proliferation, promoting new attachment
according to the principle of guided tissue regeneration (Caffesse et al., 1991).

X.

SUMMARY

In summary, tissue interactions that occur in the fully formed
periodontium are unclear. Periodontal ligament homeostasis may depend

upon complex interactions between dentin, cementum, epithelium and
periodontal ligament fibroblasts. Periodontal ligament is thought to harbor
cells with the ability to stimulate periodontal regeneration, i.e., formation of
new bone, cementum, and connective tissue attachment. Further research,

using controlled and reproducible methods, is required to more definitively
describe the mechanisms responsible for the regenerative process.

XI.

SPECIFIC AIMS
To separate and isolate the following odontogenic tissues from

developing murine molars: epithelial root sheath (ERS), dentin, dentin with
basal lamina; from adult murine molars: root dentin; murine and human

periodontal ligament fibroblasts.
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To investigate the inductive influence of epithelial root sheath,
developing root dentin, and mature root dentin on periodontal ligament
fibroblasts.

To characterize murine and human periodontal ligament fibroblast

populations used in terms of certain parameters (proliferation kinetics,
alkaline phosphatase activity, morphology and ability to form mineral in

long term cultures).

CHAPTER 2

MORPHOLOGICAL AND BIOCHEMICAL CHARACTERISTICS OF HUMAN
AND MURINE PERIODONTAL LIGAMENT FIBROBLASTS

L

INTRODUCTION
The periodontal ligament (PDL), like other ligaments, consists of a

band of fibrous tissue which binds together skeletal elements, i.e., cementum,
which covers the root surfaces of the tooth and the alveolar bone. The PDL
contains a mixed population of cells: fibroblasts, osteoblasts, and

cementoblasts (Leblond et al., 1959) capable of synthesizing bone, fibrous
connective tissue, and cementum (Melcher, 1976; McCulloch and Melcher,

1983). The fibroblast population has the capacity to phagocytose collagen

(Deporter and Ten Cate, 1973) and presumably ground substance (Melcher and
Chan, 1981), while bone and cementum are probably resorbed by cells taking

origin from bone marrow (Walker, 1975). Despite continuous remodelling of
the PDL resulting from physiologic tooth movement, its distribution of cell

density is remarkably uniform and its width is maintained during adult life
as, for example, in mice (McCulloch and Melcher, 1983). Suggesting that

biological processes in the PDL are regulated by complex homeostatic
mechanisms.

Several studies have evaluated the biological properties of periodontal
cells in culture (Brunette et al., 1976; Boyko et al., 1981;

Narayan and Page,

1983). The current theory that periodontal ligament harbors cells with the

capacity to regenerate the periodontium (Boyko et al, 1981; Nyman et al., 1982;
Isidor et al., 1986) has stimulated an interest in the characterization of these
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cells so that the specific role each type plays in regeneration can be

understood. The purpose of this study, therefore, was to compare human and
murine periodontal ligament fibroblast populations using morphological,

biochemical, and growth characteristics.

II.

MATERIALS AND METHODS
Cell Isolation and Culture Procedures

Human periodontal ligament fibroblasts (HPDLF) were obtained from
the periodontal ligament of premolar teeth of individuals (age between 17-25

years) undergoing tooth

extractions for orthodontic reasons. Immediately

after the procedure, the periodontal ligament was scraped from the middle
one-third of the root to minimize contamination with gingival tissue

(Somerman et al., 1988), rinsed three times in sterile phosphate-buffered
saline (PBS), and once in complete media (alpha-Minimal Essential Media,

Sigma) with 10% FBS, 1.0% glutamine, and 0.1% gentamycin. Tissues were
cut into small pieces, and placed in a 25-cm 2 tissue culture flask, incubated in
a humidified chamber with 5%

C02 in air at 37C for two hours to facilitate

attachment to the plastic substrate and then additional complete media was
added. When sufficient number of cells had migrated from the surrounding

explants, cells were trypsinized with 0.08% trypsin/0.04% EDTA, (pH 7.2),
transfered to 75-cm 2 tissue culture flasks and were designated "first transfer
cells (T1)".
Murine periodontal ligament fibroblasts (MPDLF) were obtained

by

similar methods. First mandibular molars of mature adults CD-1 mice

(Charles River Labs) were extracted, the periodontal ligament was scraped

69

from the middle one-third of the root and tissues were placed in 6-well tissue
culture plates. Tissues were covered by a cover-slip and cultured continually
in complete media. When sufficient number of cells had migrated from the

surrounding explants, cells were trypsinized with 0.08% trypsin/0.04% EDTA,

(pH 7.2), transfered to 75-cm 2 tissue culture flasks and were designated "first
transfer cells (T1)". Following the establishment of cell populations from
human and murine periodontal ligament fibroblasts, stocks of cells were

prepared and stored at-70C in 10% dimethylsulfoxide (DMSO), and 30% FBS
in alpha-MEM. For the recombinations cells were used between the first and
forth passage in culture (see Chapter 3).
B,

Cell Growth Studies

T1 human and murine PDL fibroblasts were seeded at a density of I X

104 cells per well in a 24-well tissue culture plate and cultured continually in
alpha-MEM. Cells were removed from triplicate wells at day 2, and every 2-3
days thereafter until the population reached saturation density. Cells were
washed with Ca++-Mg++-free Hank’s Balanced Salt Solution (HBSS, Sigma)
and trypsinized as above. A 1-ml aliquot was removed from each well and

cells were counted using a hemocytometer and a phase contrast microscope.
Media was changed every 2-3 days from the remaining wells. Cells were
examined routinely with phase contrast microscopy.
C,

Alkaline Phosphatase Analysis

Biochemical

Assay

T1 human and murine PDL fibroblasts obtained and cultured as above
were seeded at a density of 1 X 104 cells per well in a 24-well tissue culture
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plate. Cells were removed from triplicate wells at day 2, and every 2-3 days
thereafter until the population reached saturation density. Cells were washed
with HBSS. Cells were solubilized by addition of 50 mL/well of 1% triton X-

100 and scraped with a rubber policeman. A volume of 50 mL/well of assay

buffer containing 0.4 mmol/L diethanolamineoHcl, pH-10 2 mmol/L Mgcl2,
and 4 mmol/L paranitrophenol’phosphate was added to each well. After 40
minutes the reaction was stopped by the addition of 150 mL of 1 mol/L

NaOH. The relative amount of alkaline phosphatase activity was determined

by measuring the absorbance at 405 nm using a Titertek multiscan absorbance
photometer.
ii.

Histochemical Stain

T1 human and murine PDL fibroblasts obtained and cultured as above
were seeded at a density of I X 104 cells per 35-mm tissue culture dishes. After

7, 14, and 21 days culture dishes were stained with alkaline phosphatase and
its activity was visualized (Somerman et al., 1988). Briefly, medium was

removed, and the cell layer was rinsed twice with HBSS. Cells were exposed
to a solution containing 0.3% napthol AS-MX phosphate (Sigma) as substrate

and 0.1% fast-violet-blue salt as coupler. The cells were maintained at 4.0C
for 45 minutes. To stop the reaction the incubation solution was removed,
cells were rinsed with HBSS, fixed with methanol for 10 minutes and air
dried.

Do

Silver Stain (von Kossa)

T1 human and murine PDL fibroblasts obtained and cultured as above
were seeded at a density of I X 104 cells per 35-mm tissue culture dishes. Cells
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were grown in one of three ways. Some cells were grown in complete
medium alpha-MEM. Other cells were grown in complete medium alpha-

MEM supplemented with 10mg/ml ascorbic acid, and other cells were grown
in complete medium alpha-MEM supplemented with lOmg/ml ascorbic acid,

and 10mM Na [-glycerophosphate. Ascorbic acid and Na

[-glycerophosphate

were added after 1 day and every second or third day thereafter and cultures
were routinely examined with phase contrast microsopy. Cultures were
maintained for 21-35 days in vitro, after which the contents of each dish was

fixed and stained with the von Kossa technique (Bellows et al., 1986). Briefly,
medium was removed and the cell layer was fixed with ethanol for 30

minutes. Cells were washed twice with distilled water, exposed to a solution

containing 5% silver nitrate under UV light for 20 minutes. Cells were
washed again with distilled water and exposed to a solution containing 5%

NaS203.

Cells were rinsed with HBSS, fixed with methanol for 10 minutes

and air dried

III.

RESULTS
Of the two cell populations used in these experiments, human PDL

fibroblasts were successfully cultured from 85% of the cultured tissues

samples, while the success rate with murine PDL fibroblasts was 40%.
Following explantation cells were observed migrating from the individual
explants within 7 days; confluent cell populations were established within
two to three weeks.
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A.

Morphology

Morphologically, as examined by phase contrast microscopy, human
PDL fibroblasts and murine PDL fibroblasts appeared to be strikingly different.
Human PDL fibroblasts appear having a spindle-shape, elongated appearance
characteristic of ’fibroblastic-like’ cells while murine PDL fibroblasts appear as

pleiomorphic cells (Fig. 2).
B.

Growth Kinetics

Growth rates for human and murine PDL fibroblasts were different

(Fig. 3). Doubling time for murine PDL fibroblasts, calculated from the
exponential portion of the growth curve, was faster than for human PDL
fibroblasts" 38.7 versus 68.8 hours. Human and murine PDL fibroblasts

generally reached confluency on day 6 in vitro, but they continued to divide,
growing more dense and sometimes forming multilayered cultures.
Co

Alkaline Phosphatase Activity

Measurements of alkaline phosphatase activity level per time in total
culture indicated that human PDL fibroblasts had higher activity when
compared with that of murine PDL fibroblasts (Fig. 4). Although, in both
populations, when the alkaline phosphatase activity level per cell was
calculated, the activity sharply decreased (Fig 5).
The alkaline phosphatase histochemical stain was conducted in order
to determine the distribution of alkaline phosphatase in the cultures.

Because of the morphological characteristics of human PDL fibroblasts, it is

impossible to count the number of positively stain cells. However,

qualitatively, the alkaline phosphatase reactivity was much more
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concentrated and intense in the human PDL fibroblasts (Fig. 6A) than in
murine PDL fibroblasts (Fig. 6B). The stain did not increase in intensity over
time in both populations.

D.

Silver Stain

Cultures of human PDL fibroblasts maintained for 35 days without
ascorbic acid and Na [-glycerophosphate (-GP) did not stain positive, did not

form domes and morphologically resembled cells maintained in complete
media. The same cultures maintained in the presence of ascorbic acid for 35
were days positively stained and developed clusters of polygonal cells and

domes, but these did not mineralize. The domes stained black and were in a
semi-circular shape (Fig. 6A). Similarly, when

[-GP was added to the cultures

domes were stained, but did not mineralize. Similar results were observed
with murine PDL fibroblasts. However, these cultures had more domes

stained when compared with human PDL fibroblasts (Fig. 6D). The domes
did not increase in size, number or intensity over time period in both

populations.
IV.

DISCUSSION

Although there have been numerous studies on the activity of
periodontal ligament cells in vivo and in vitro (Melcher, 1970; Deporter and
Ten Cate, 1973; Brunette et al., 1976, 1979; Sodek, 1977; Garant and Cho, 1979,
Gould et al., 1977, 1980) very little is known about the growth kinetics and
biochemical expression, particularly in teeth of limited eruption (Roberts,

1975).

The study presented here describe an initial characterization of cell

types derived from the human and murine periodontium, utilizing cell

morphology, biochemical characteristics, and cellular proliferation kinetics.
The results from this study indicate that human periodontal ligament
fibroblasts exhibit characteristics significantly distinct from those of murine

periodontal ligament fibroblasts in vitro, i.e., different morphology and
higher alkaline phosphatase activity. The finding of high alkaline

phosphatase levels in human PDL fibroblasts is in agreement with other
studies (Kawase et al., 1986; Piche et al., 1987; Somerman et al., 1988) and,
while speculative, is suggestive of ’osteoblastic-like’ properties. Importantly,
it is well established that cells undergo alterations in biochemical expression
with subculturing in vitro (Aubin et al., 1982).

Interestingly, it has been shown in cultures of bone cells, (McCulloch et
al., 1990) that the level of alkaline phosphatase activity per cell culture
increases over time period. In contrast, our results suggest, that

only initially

seeded fibroblasts are capable of producing alkaline phosphatase and as these
fibroblasts proliferate the alkaline phosphatase activity decreases.
Mineral deposits have been reported previously in cultures of fetal rat

calvaria cells when cultured in medium containing ascorbic acid and organic

phosphate (Bellows et al., 1986). It has been shown that these cells express
osteoblastic properties (Aubin et al., 1982). In our findings, however, human
and murine PDL fibroblasts were positive to the silver stain but did not form
mineralized nodules suggesting that these cell populations are not capable of

osteoblastic activities under these tissue culture circumstances. Using

ultrastructural studies (Cho et al., 1991), it has been shown the formation of

three-dimensional nodules containing mineralized matrices when rat PDL
fibroblasts were cultured only in the presence of ascorbic acid and
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dexamethasone. These nodules contained neither osteoblasts nor osteocytes,
and thus differed from the mineralized bone nodules formed by bone cells in
culture. However, when the rat PDL fibroblasts were cultured in the presence

of ascorbic acid and [-glycerophosphate, the formation of mineralized
nodules failed to occur (Cho et al., 1991).

Several factors may contribute to the differences seen in the cellular
behavior of human PDL fibroblasts when compared with murine PDL
fibroblasts in vitro. First, human and

muri.ne PDL fibroblasts may be at

different stages of differentiation in vivo (Gould, 1983), as well as in vitro.

Second, the method used to obtain cultured human and murine PDL
fibroblasts may select specific and dissimilar cell populations from each type

of explant. In addition, subsequent subculture in vitro may further select for
differences between these two populations. Third, human and murine PDL
fibroblasts may each have unique cell populations. Most probably, human

and murine PDL fibroblasts cultured from explants are heterogeneous

populations of cells (McCulloch, 1985), suggesting that these populations

express different behavior and biochemical expression.
Last, the differences observed for human and murine PDL fibroblasts

may be related to differences in aging (Somerman et al., 1988), i.e., doubling
times, between these two cell types in vitro. There are probably several co-

existing factors that contribute to the contrasting behavior seen between
human and murine PDL fibroblasts in vitro. These dissimilarities may prove

important to consider in developing successful methods for stimulating

periodontal regeneration in vivo.

CHAPTER 3

THE RESPONSE OF PERIODONTAL LIGAMENT FIBROBLASTS TO A
VARIETY OF DENTAL SUBSTRATES
I.

INTRODUCTION
Tissue interactions, events in which dissimilar cell populations act

upon one another and alter cellular behavior in developmentally significant
ways, represent one means by which genetic activity may be regulated

(Spemann, 1938). Since first proposed (Grobstein, 1955) the role of
extracellular matrix in controlling differential gene expression has

increasingly been appreciated. This is particularly true in epithelio-

mesenchymal interactions that characterize the tissue interactions occurring
during morphogenesis of a large number of organs (Wessels, 1977).
Tooth development, which results from an interaction between oral

epithelium and cranial neural crest-derived ectomesenchyme (Kollar, 1972;
Thesleff and Hurmerinta, 1981; Kollar, 1983; Ruch, 1984) has become a
versatile model for studying the role of ECM in morphogenesis and cellular

differentiation. But, while significant advances have been made in

understanding the role of tissue interactions in odontogenesis and
amelogenesis in the tooth crown, there is very little data available on possible

epithelio-mesenchymal interactions during the development of periodontal
tissues. Especially lacking are studies examining tissue interactions in the

adult periodontium.
There are a number of situations in the adult periodontium where the
maintenance of tissue characteristics may be the result of stimuli produced by
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interacting tissues. Most studies favor the hypothesis that epithelial

specificity is maintained by a morphogenetic message from the underlying
connective tissue, or is in some way controlled by an interaction between the

two tissues (Billingham and Silvers, 1968; Gillette, 1971). Recombination

experiments with embryonic tissue (Yoshikawa and Kollar, 1981; Palmer and
Lumsden, 1987) and tooth reimplantation studies involving various mature
dental tissues (L6e and Waerhaug, 1961; Andreasen and Kristerson, 1981;

Lindskog et al., 1988) support the hypothesis that epithelium, in some form, is

necessary for periodontal attachment formation.
Most studies suggest that both periodontal ligament and alveolar bone
are derived from dental sac ectomesenchyme (Hoffman, 1960; Ten Cate et al.,
1971; Ten Cate and Mills, 1972; Palmer and Lumsden, 1987). The role of the

ERS in the induction of cementogenesis is uncertain; some investigators
have proposed a role to the ERS itself (Schour and Massler, 1940) or products

of the ERS (Slavkin, 1976), while others have suggested that cementogenesis
is initiated when cells of the dental sac come into contact with root dentin

following fenestration of ERS (Armitage, 1986). PDL formation has been
observed in recombinations of enamel organ epithelium with dental sac
(Yoshikawa and Kollar, 1981; Palmer and Lumsden, 1987). Previous work in

our laboratory (MacNeil and Thomas, 1989) have shown that the precursor
tissue to PDL and alveolar bone (i.e. dental sac), requires the presence of an

intermediate material, basement membrane, to form a mineralized tissue

that cements or fuses to dentin. The presence of a basement membrane
between undermineralized dentin and the ERS has been verified

microscopically (Paynter and Pudy, 1958; Cho and Garant, 1988; Thomas and
Kollar, 1988) and immunohistochemically (Thomas and Kollar, 1988). As the

ERS begins to fenestrate, this basement membrane remains associated with
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the dentin surface (Thomas and Kollar, 1988) and it has been proposed that its

presence may provide an inductive stimulus for cementoblast differentiation
from dental sac stem cell populations (Cho and Garant, 1988).
The stem cell compartment that serves as the origin of the regenerative
cells in periodontal regeneration procedures has been the topic of much
recent research. Dental sac developmentally gives rise to the future PDL and

alveolar bone, and it is one of these two tissues which is thought to contribute
the necessary cells in regenerative situations. Cell labelling studies

(McCulloch et al., 1987; Aukhil and Iglhaut, 1988) and in vitro analysis
(Melcher et al., 1988) have as yet failed to define which specific tissue, PDL or

bone, is involved.
Prior treatment of the root surface with saturated citric acid at

pH 1 for

3 minutes has been shown to improve the healing of the periodontal

ligament by increased functionally

orienltated collagen fibre attachment, new

cementum formation, reduced artifactual splitting, and the inhibition of

junctional epithelium downgrowth (Crigger et al., 1978; Cole et al., 1980,
Selvig et al., 1981; Lopez, 1984). However, other studies have failed to
demonstrate such improved healing following citric acid pretreatment of
dentin (Nyman et al., 1981), but in these instances the involvement of the

junctional epithelium during the healing process may have influenced the
results.
Periodontal ligament homeostasis may depend upon a complex
interaction between dentin, cementum, epithelium (ERS), and periodontal

ligament fibroblasts. The purpose of this study, therefore, was to investigate
the inductive role of ERS, mature dentin, and developing dentin on PDL

fibroblasts using an in vivo model based on tissue separation and
recombination techniques.
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MATERIALS AND METHODS
A.

Cell Isolation and Culture Procedures

Human periodontal ligament fibroblasts (HPDLF) were obtained from
the periodontal ligament of premolar teeth of individuals undergoing tooth
extractions for orthodontic reasons. Immediately after the procedure, the

periodontal ligament was scraped from the middle one-third of the root to
minimize contamination with gingival tissue (Somerman et al., 1988), rinsed

three times in sterile phosphate-buffered saline (PBS), and once in complete
media (alpha-Minimal Essential Media, Sigma)with 10% FBS, 1.0%

glutamine, and 0.1% gentamycin. Tissues were cut into small pieces, and

placed in a 25-cm 2 tissue culture flask, incubated in a humidified chamber
with 5%

CO2 in air at 37C for two hours to facilitate attachment to the plastic

substrate and then additional complete media was added. When sufficient
number of cells had migrated from the surrounding explants, cells were

trypsinized with 0.08% trypsin/0.04% EDTA, (pH 7.2), transfered to 75-cm 2
tissue culture flasks and were designated "first transfer cells (T1)".
Murine periodontal ligament fibroblasts (MPDLF) were obtained

by

similar methods. First mandibular molars of mature adults CD-1 mice

(Charles River Labs) were extracted, the periodontal ligament was scraped
from the middle one-third of the root and tissues were placed in 6-well tissue

culture plates. Tissues were covered by a cover-slip and cultured continually
in complete media. When sufficient number of cells had migrated from the

surrounding explants, cells were trypsinized with 0.08% trypsin/0.04% EDTA,
(pH 7.2), transfered to 75-cm 2 tissue culture flasks and were designated "first

transfer cells (T1)".
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Isolation and Preparation of Tissues

Mature root dentin slices were obtained from adult CD-1 mice (Charles
River Labs). First mandibular molars were extracted and roots were

scrapped

to remove the surrounding tissues. Dentin pieces were obtained from the
middle one-third of the roots to avoid contamination with gingival and

apical tissues and dentin was cut into small pieces. Absence of cells was
ensured by freeze-thawing all specimens in distilled water and then test

culturing random samples on 0.4% agar-supplemented alpha-Minimal
Essential Media, for evidence of cellular outgrowth from the specimens
(MacNeil and Thomas, 1989). Some dentin specimens were treated with

saturated citric acid (CA), (pH 1.0) for 3 minutes.

Developing root dentin slices were obtained from day-12 postnatal

(developmental day 32) CD-1 mice. Dentin specimens were processed in one
of two ways. Some specimens were incubated in 1.0% trypsin (1:250, Sigma)
for 30 mins. at 4.0C to remove both cells and basal lamina (D-BM). Other

specimens were incubated in 0.1M EDTA in Ca++-Mg++-free Hank’s Basic
Salt Solution (HBSS, Sigma) for 15 mins. at 37C (Osman and Ruch, 1980) to
remove cells but to preserve the basal lamina (D+BM). Absence of cells was

ensured by freeze-thawing all specimens in distilled water and then test

culturing random samples on 0.4% agar-supplemented alpha-Minimal
Essential Media, for evidence of cellular outgrowth from the specimens
(MacNeil and Thomas, 1989).

Epithelial root sheath (ERS) was obtained from day-6 postnatal CD-1
mice. First mandibular molar tooth germs were removed and

placed in 1.0%

trypsin for 2 hours at 4.0C to digest basal lamina (Kollar and Baird, 1969).
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Trypsin activity was then inhibited by HBSS with 15% fetal bovine serum
(FBS, Hyclone). The mineralized crown was separated from the soft tissue,
leaving a tri-complex of dental papilla, dental sac, and the interposed ERS.
ERS was cleanly isolated by microdissection as a thin transparent band of

epithelium. ERS-free dental sac was then harvested from the area

immediately subjacent to the dental papilla.
Tissue Recombination and Grafting

Four control groups and twelve experimental groups were produced
(see Table 1). The control groups consisted of human periodontal ligament
fibroblasts (HPDLF), murine periodontal ligament fibroblasts (MPDLF),

HPDLF + ERS, and mature dentin treated with Citric Acid. The experimental

groups consisted of recombinations of Dentin treated with Citric Acid, ERS,
and HPDLF (see Table 2) and ERS, HPDLF, and MPDLF with the two differing
dentin specimens (i.e. Dentin- Basement Membrane and Dentin + Basement

Membrane), (see Table 3). Two to three isolated fragments of ERS were placed
on the dentin specimens, using the convex surface reference for the

peripheral, cemental side of the root. These tissues were allowed to adhere
each other on 0.4% agar-supplemented alpha-MEM (Sigma) with 10% FBS,
1% glutamine, and 0.1% gentamycin at 37C in 5%

CO2 for two hours. HPDLF

and MPDLF were trypsinized with 0.08% trypsin/0.04% EDTA, (pH 7.2),

centrifuged at 500 RPM for 5 minutes and a pellet of cells was obtained and
cut in small pellets. These pellets were added on top of the adhering

epithelium. As such, the ERS was sandwiched between human and murine

periodontal ligament fibroblasts and dentin, approximating the in situ spatial
orientation of these tissues. The completed recombinations were incubated
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overnight and then grafted into anterior chambers of the eyes of homologous
adult male mice following established protocols (Kollar and Baird, 1969).
Adult animals were anesthesized with a combination of Ketaset (Ketamine

Hydrochloride, 100mg/ml) 100mg/kg body weight and Rompum (Xylazine,

100mg/ml) 11mg/kg body weight. After surgical entry, the graft (i.e.
recombined tissues) was positioned on the peripheral iris in an area as far
distant from the incision site as possible. Special care was taken to avoid
trauma during the grafting procedure;

any graft procedure that produce

bleeding was discarded. One graft was placed per animal.
The total recombinations produced are presented in Table 1.

Do

Light Microscopy

Explanted grafts were removed after 2 weeks. Animals were sacrificed

by cervical dislocation and the recipient eye removed. For all analysis, the
anterior chamber of the

eye with its graft was isolated and processed as a unit.

Hematoxylin-Eosin (H/E) Specimens
Specimens were fixed in 10% neutral buffered formalin, dehydrated,
cleaned in xylene, and embedded in paraffin. Serial

7tm sections were cut,

stained in hematoxylin and Biebrick’s scarlet, and examined by light

microscopy (see Table 2, and 3).
Go

Transmission Electron Microscopy

Specimens from Group I (Dentin + HPDLF), and Group II (Dentin + CA
+ HPDLF) were fixed in 2% glutaraldehyde in 0.1M sodium cacodylate buffer

(pH 7.2), post-fixed

in 2% osmium tetroxide,

dehydrated, and embedded in
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Epon.

Thin sections were cut, mounted on formvar-coated grids, stained with

uranyl acetate and lead citrate, and examined on a Jeol 100CX electron
microscope. (n=2/group).

III.

RESULTS
The results for all grafted groups are presented in Table 2 and 3.
Control Groups

All five control grafts of human PDL fibroblasts, murine PDL

fibroblasts, and HPDLF + ERS did not result in the formation of mineralized
tissue (Fig 7). Instead grafts consisted of loose connective tissue cells

embedded in a fibrous matrix. All five control grafts of dentin treated with
citric acid (CA) did not result in the formation of mineralized tissue. A
modified paler area was seen surrounding the dentin surface (Fig. 7D).
B,

Experimental Groups

io

Light Microscopy

In recombinations of Group I (Dentin + HPDLF), Group II (Dentin +
CA + HPDLF), and Group III (Dentin + ERS + HPDLF) cells adhered to the
dentin surface. The term adhesion refers to cells being more resistant to

separation. These recombinations showed no signs of induction of
mineralized tissue (Fig. 8). Areas of multinucleated cells were observed on

the dentin surface (see Table 2). When the dentin was treated with citric acid,
a

paler area is seen in the surface of the dentin (Fig 8D).

In recombinations of Group IV (Dentin + CA + ERS + HPDLF), in
which cells fused or adhered to the dentin surface in 16% (1/6) of cases, a

bone-like mineralized material formed (Fig. 9).

In 73% (11/15) of recombinations consisting of developing dentin (DD)
without basal lamina and with human PDL fibroblasts, cells were separated

from the outer surface of the dentin by a clearly defined space. This space

always occurred at the peripheral dentin surface and not within the predentin
side. In the predentin aspect of the dentin specimen, separation did not occur,

and 93% (14/15) cells adhered to this side. The term adhesion indicate that

cells were more resistant to separation. In 80% (12/15) of the cases an area of

large multinucleated cells could be observed in the predentin side and/or the
outer side. Recombinations in this

group showed no signs of induction of

mineralized tissue (Fig 10).

In recombinations between developing dentin with basal lamina and
human PDL fibroblasts, adherence of cells to both sides was noted. Again, an
area of large multinucleated cells was observed in the predentin side and/or

the outer side 40% (6/15), and recombinations in this group showed no signs

of induction of mineralized tissue (Fig. 11).
The same two groups of recombinations with the addition of ERS,

appeared similar histologically (Fig. 12). A clear defined space was noted on
the outer surface when the basal lamina was not present and cells adhered to

both sides when the basal lamina was present. Similarly, areas of
multinucleated cells were seen (see Table 3).
Recombinations with the substrates and murine PDL fibroblasts

gave

similar results (see Table 3). No signs of induction of mineralized tissue

resulted from these recombinations. Similarly, in the presence of basal
lamina cells adhered to both sides and a defined space resulted in the outer
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surface when the basal lamina was not present (Fig. 13). Areas of
multinucleated cells were seen.
iii.

Transmission Electron Microscopy

Group I (Dentin + HPDLF) recombinations: ultrastructural analysis of
the interface between dentin

an’t fibroblasts revealed cells in close

approximation to the dentin surface (Fig. 14 A). In some cases a well

organized layer of cells adjacent to the dentin surface could be observed,
resembling periodontal ligament-like structure (Fig. 14B). Areas of
multinucleated cells were often seen close to the dentin (Fig. 14C).

Group II

(Dentin + CA + HPDLF) recombinations: a modified paler area

was seen in the outer surface of the dentin, and cells were seen in close

approximation to the dentin (Fig. 15A). Large areas of multinucleated cells
with a prominent cytoplasm were seen (Fig. 15B). In some areas a layer of
new collagen adjacent to a layer of old collagen was observed (Fig. 15C).

IV.

DISCUSSION
Tissue separation and recombination is one means by which the role of

a specific tissue or tissues in development can be determined.

By selectively

excluding or including certain normal constituent tissues, the necessity of
that tissue(s) in promoting normal development can be assessed. These

procedures were first used to investigate the nature of the tissue interactions
occurring during, tooth crown development (Huggins, 1934) and have since
been refined and modified to examine the complex heterogeneous nature of
various developmental situations (Kollar and Baird, 1969, 1970a, b; Kollar and

Lumsden, 1978; Thomas and Kollar, 1988).

By using these established
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protocols, we have attempted to recreate the dynamic tissue arrangements
between periodontal ligament fibroblasts and a variety of dental substrates.

In recombinations of human periodontal ligament fibroblasts with
different substrates the formation of mineralized tissue was not seen, and

only 16% in Group IV (D + CA + ERS + HPDLF) recombinations provided
evidence of a mineralized tissue deposit on the surface of the dentin. One

explanation may be that the cells that we obtained from the periodontal

ligament and culture comprised a mixed population that included at least
osteogenic, epithelial cells and fibroblasts. We assume that the mineralized
tissue resembling bone obtained in

Group IV was produced by osteogenic

cells, but we do not known whether the activity of other cell populations in
the cultures influenced the phenotypic expression of these cells. Were the
different tissues produced by different subpopulations of cells from the

periodontal ligament or, could the presence of other populations have
affected expression of phenotype? Further, could differences in the nature of
the substrates with which the cells were combined have played a part in

regulating the expression of their phenotype? The design of our experiments
does not permit any of these questions to be answered. In particular, we can
not be certain that the cells expressed different

phenotypes in relation to non-

demineralized and demineralized substrates, but we suspect from our
observations that the nature of the substrate could be important in this

regard.

We believe that the observations made here have implications for
understanding the origins of the populations of cells contained in the PDL,
and, therefore, the understanding of regeneration and healing potential of the

periodontium. While cells isolated from fetal rat calvariae synthesized
cementum-like tissues in relation to slices of dental root in vitro, cells
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derived from periodontal ligament of rat molar and co-cultured with slices of

dental root under similar conditions did not form any mineralized tissue
(Melcher et al., 1986). Cells cultured in vitro from periodontal ligament of

monkey, pig and rat, and cultured cells from pig and rat have been implanted
in diffusion chambers in vivo and in the anterior chamber of the eye, have
not formed bone (Brunette et al., 1976). There is no direct evidence that

dog

periodontal ligament cells cultured in vitro and subsequently implanted back
into dogs with dental roots make cementum, although they do elaborate a
tissue that resembles periodontal

ligamentiBoyko et al., 1981).

Attempts,

both in vivo and in vitro, to define the progenitor cell population involved
in the

process of periodontal regeneration i.e., formation of new bone,

cementum and connective tissue attachment, have been

only partially

successful. Autoradiographic studies examining the cell kinetics of the PDL
have yielded conflicting results (McCulloch et al., 1987; Aukhil and

Inglhaulth, 1988). A recent report (Melcher et al., 1988) suggests that the
regenerative cells may originate in the endosteal spaces of the alveolar bone
rather in the PDL.

In our experiments, the inability of recombinations with ERS to induce
the formation of mineralized tissue is most interesting. A number of reports

suggest that epithelial cells may play an important role in cementum
formation and maintenance of the adult periodontium (L6e and Waerhaugh,

1961; Lindskog et al., 1979). If epithelium is required to induce developmental

cementogenesis, its presence may also be required for post-developmental
cementum formation. The formation of new cementum on denuded or

diseased root surfaces is considered a requisite for successful regeneration of

periodontal ligament attachment following regenerative surgical procedures
(Gottlow et al., 1984). Certainly odontogenic epithelium is present in the
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adult periodontal ligament as cells known as the epithelial rests of Malassez,
remnants of the epithelial root sheath. The distribution, physiologic

potential, and in vitro culture characteristics of these cells has been described
(Ten Cate, 1965; Brunette et al., 1979). In our experiments subculturing of PDL
cells in vitro could have served to selectively remove resident epithelial cells

and, consequently, an important PDL cellular component that may had been
involved in cementogenesis.

Interestingly, attempts to improve the healing of the PDL, and the
formation of new connective tissue by conditioning root surfaces with citric
acid has been investigated (Lopez, 1984;

Dreyer and van Heerden, 1986;

Pettersson and Aukhil, 1986). The differences in results between the studies
in which citric acid has been shown to produce positive effects in the

regeneration of tissues from treated root dentin and studies showing no
effects in this process of regeneration may be explained by the absence or

proximity of the periodontal ligament close to the root surfaces. It appears
that the PDL may act as a source of progenitor cells that could be essential for

the formation of new fibrous attachment to a previously exposed root

surface

(Nyman et al., 1982). The effects of citric acid conditioning of roots on the
cellular kinetics of the periodontal ligament needs further investigation.
Basal lamina has been demonstrated to be important as a mediator in
tissue interactions in various developmental situations (Bernfield, 1984)

including the series of epithelial-mesenchymal interactions which occur
during coronal tooth development (Thesleff et al., 1981). Previous studies
(Thomas, 1986; MacNeil and Thomas, 1989) have shown that recombinations
of dental papilla or dental sac and dentin with basal lamina formed bone-like
material on the surface of the roots. Similarly, when ERS was included in

these recombinations bone formation was observed, suggesting that
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epithelium (i.e., ERS) may play an active and necessary role in the cellular
interactions which initiate cementogenesis.

In our experiments, recombinations involving developing dentin with
basal lamina, ERS, and human and murine PDL fibroblasts did not induce the
formation of mineralized tissue. As such, these recombinations did not

reproduce any of the early signs of cementogenesis (Paynter and Pudy, 1958;
Lester, 1969a, b) (i.e., deposition of a mineralized, acellular material on the
dentin surface which mediates root attachment to surrounding structures).

This phenomenon may be explained by a number of possibilities. First, that

the periodontal ligament contains a mixed population of cells and it is

unclear whether it contains cells capable of differentiating into cementoblasts
or osteoblasts. While speculative, PDL cells exhibit characteristics suggestive

of "osteoblast-like" properties (Somerman et al., 1988; Piche et al., 1989). In
our previous study (see Chapter 2) it has been shown that cultured human

and murine periodontal ligament fibroblasts have less osteoblastic activities if

compared to bone cells. Second, we may have selected populations by
passaging of the cells and the possibility that a cementoblast-like or osteoblastlike cell population was excluded from the explants must not be overlooked.

Third, under these experimental conditions human and murine PDL
fibroblasts may not have the potential to stimulate periodontal regeneration
i.e., formation of new bone, and cementum.

The observation that recombinations of odontogenic tissue produce a
bone-like structure when ERS was included and root dentin was treated with

citric acid, suggest that PDL homeostasis may depend upon a complex
interaction between dentin, cementum, epithelium (ERS) and

PDL cells.

Further research is necessary to better understand and define the mechanism
involved in these interactions. This information may be invaluable to
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understanding normal PDL maintenance and to maximizing the regenerative

potential of the periodontium.

CHAPTER 4

CONCLUSIONS

Cells derived from human periodontal ligament (HPDLF) proliferate
in culture with a doubling time of 68.8 hours while those from murine

periodontal ligament (MPDLF) proliferate in culture with a doubling time of
38.7 hours. Thus, MPDLF cells are faster growing and possibly less
differentiated than HPDLF cells.

HPDLF exhibit a fibroblastic morphology, and initially express high
alkaline phosphatase (AP). In contrast, MPDLF exhibit a pleiomorphic

morphology, and express low AP initially. These results suggest that both cell
populations are heterogeneous and that IDLF (at least in terms of AP) may

express a more osteoblastic-like phenotype.
AP activity per cell progressively decreases over time in culture in both

HPDLF and MPDLF cell populations. These results suggest that a) the initially
seeded cells that produce AP decrease over time period in culture, and/or b)
the rapidly proliferating cells produce less AP.

HPDLF or MPDLF cell populations did not form mineralized tissue
when explanted to the anterior chamber of the eye of adult male hosts,

suggesting that neither cell population is capable of expressing a mineralizing
tissue phenotype under these conditions.

Surface treatment of dentin influenced the relationship between cells
and the dentin surface. Thus, cellular adhesion to dentin surface occurred in:
91
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a) citric acid treated dentin specimens; b) EDTA (+ basal lamina) treated
dentin specimens. In addition, the presence of epithelial root sheath may

enhance cellular adhesion to the dentin surface.

Most recombinations did not form an organic matrix. However, 16%
of the recombinations between HPDLF, mature dentin treated with citric acid,
and epithelial root sheath (ERS) did form an organic matrix that adhered to

the dentin surface. These results suggest that ERS may modulate the

phenotype of PDL cells under these conditions.

Table 1.

Summary of tissue recombinations involving
dentin (D), citric acid (CA), developing dentin (DD), basal
lamina (BL), epithelial root sheath (ERS), human
periodontal ligament fibroblasts (HPDLF), and murine

periodontal ligament fibroblasts (MPDLF).

Group

Tissues used

n

I

D + HPDLF

12

II

D + CA + HPDLF

12

III

D + ERS + HPDLF

6

IV

D + CA + ERS + HPDLF

6

V

DD- BL + HPDLF

15

VI

DD + BL + HPDLF

15

VII

DD- BL + ERS + HPDLF

5

VIII

DD + BL + ERS + HPDLF

5

IX

DD- BL + MPDLF

5

X

DD + BL + MPDLF

5

XI

DD- BL + ERS + MPDLF

3

XII

DD + BL + ERS + MPDLF

3

Control

HPDLF

5

Control

MPDLF

5

Control

HPDLF + ERS

3

Control

D + CA

5

93

0

0

0

0

0

0

0

0

0

0

0

0

> >

;>

,..,

>

X

X

Fig. 1
Light micrograph (L.M.) of root of mandibular molar from six day old
animal. Root dentin (D) formation has begun. The ERS becomes

discontinuous (arrow) shortly after predentin (PD) secretion by root

odontoblasts. Courtesy of Dr. H.F. Thomas.
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Fig. 2
A) Photo micrograph (P.M.) of human PDL fibroblasts (4th passage) in
culture. Spindle-shape, elongated appearance of ’fibroblastic-like’ cells were

typical characteristics of these cells.
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B) P.M. of murine PDL fibroblasts (4th passage) in culture.

Pleiomorphic shape was typical characteristics of these cells.

X300
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Fig. 3

Comparison of growth of human PDL fibroblasts (

) and murine

PDL fibroblasts () using cell number as an indicator of proliferation.
Fibroblasts were collected at days 1 through 11 and counted using a

hemocytometer. Values were averaged from triplicate wells.
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Fig. 4

Comparison of alkaline phosphatase activity level per time in total
culture of human PDL fibroblasts ( --o-- ) and murine PDL fibroblasts
(----). Fibroblasts were collected at days 1 through 11 and values were

averaged from triplicate wells.

Fig. 5

Comparison of alkaline phosphatase activity level per cell in total
culture of human PDL fibroblasts ( ---D- ) and murine PDL fibroblasts
(-----). Fibroblasts were collected at days 1 through 11 and values were

averaged from triplicate wells.
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Fig. 6
A) P.M. of alkaline phosphatase histochemical stain of human PDL
fibroblasts (4th passage) in culture. Gray to black cells indicate the presence

of alkaline phosphatase.

X300

B) P.M. of alkaline phosphatase histochemical stain of murine PDL
fibroblasts (4th passage) in culture. Note individual cells stained positive to
alkaline phosphatase (arrows).

X300

C) P.M. of human PDL fibroblasts (4th passage) in culture stained with
silver stain. Note individual stained black domes (arrows).

X300

D) P.M. of murine PDL fibroblasts (4th passage) in culture stained with
silver stain. Note stained black domes (arrows).

X300
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Fig. 7
A) L.M. of Control Group of human PDL fibroblasts. No mineralized
tissue has formed. C, cornea.

X750

B) L.M. of Control Group of murine PDL fibroblasts. No mineralized
tissue has formed. C, cornea.

X750

C) L.M. of Control Group of HPDLF + ERS. No mineralized tissue has

formed. C, cornea.

X750

D) L.M. of Control Group of Dentin + Citric acid. No mineralized
tissue has formed. Note a modified

cornea.

paler area in the surface of dentin ( ). C,
X750
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Fig. 8
A) L.M. of Group I (D + HPDLF) recombination. C, cornea.

X1200

B) L.M. of Group II (D + CA +HPDLF) recombination. A paler area in
the surrounding of the dentin surface is seen (

).

C) L.M. of Group III (D + ERS + HPDLF) recombination.

X1200
X1890

D) L.M. of Group II (D + CA + HPDLF) recombination. A paler area on

the surface of the dentin is seen (

).

X1890

In the above recombinations, cells adhered to both sides of the dentin
specimen (D). No mineralized tissue has formed.
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Fig. 9
L.M. of Group IV (D + CA + ERS + HPDLF) recombination. A
bone-like mineralized material (B) has been deposited on the dentin

specimen (D).

X1890

111

Fig. 10
A) L.M. of recombination of Group V (DD- BL + HPDLF). A clear

separation (

) is evident between the dentin surface (D) and the cells. C,

cornea.

X 600

B) Higher magnification of Fig. 10A. The separation occurs at the outer

edge of the dentin specimen. Areas of multinucleated cells are seen (

). C,

cornea.

X1200
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Fig. 11
A) L.M. of recombination of Group VI (DD + BL + HPDLF).

X1200

B) L.M. of recombination of Group VI (DD + BL + HPDLF) at a higher

magnification. PD, predentin.

X2400

In the above recombinations, cells are adhered to both sides of the
dentin specimen (D). No mineralized tissue has formed.
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Fig 12
A) L.M. of recombination of Group VII (DD- BL + ERS + HPDLF). A

large area of multinucleated cells is seen ( * ).

X1200

B) L.M. of recombination of Group VIII (DD + BL + ERS + HPDLF).

Cells are adhered to both sides of the dentin surface. A large area of
multinucleated cells is seen. (

).

X1200
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Fig. 13
A) L.M. of (DD + BL + ERS +MPDLF ) recombination. Presence of an
area of multinucleated cells is seen (

), and cells are adhered to both sides of

the dentin surface. C, cornea.

X1890

B) L.M. of (DD- BL + ERS + MPDLF) recombination. No mineralized
tissue has formed. C, cornea.

X1200

C) L.M. of (DD + BL + MPDLF) recombination. Cells are adhered to both
sides of the dentin surface (D). PD, predentin.

X3780

D) L.M. of (DD- BL + MPDLF) recombination. A clear defined space
(

is evident in the outer surface of the dentin (D). C, cornea.

X1200
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Fig. 14
A) Transmission electron micrograph (T.E.M.) of recombination of

Group I (Dentin + HPDLF). Cells (arrows) are seen in close approximation to
the dentin surface (D).

B) T.E.M. of recombination of Group I (Dentin + HPDLF). A well

organized layer of cells adjacent to the dentin surface (D) is seen, resembling

periodontal ligament-like structure (

).

C) T.E.M. of another recombination of Group I (Dentin + HPDLF).

Areas of multinucleated cells (MNC) were often seen close to the dentin (D).

121

Fig. 15
A) T.E.M. of recombination of Group II (Dentin + CA + HPDLF). A
modified area (arrows) is seen in the outer side of the dentin surface (D).

Cells are seen in close approximation to the dentin.

B) T.E.M. of recombination of Group II (Dentin + CA + HPDLF). Large
areas of multinucleated cells (MNC) are seen with prominent cytoplasm (

).

C) T.E.M. of another recombination of Group II (Dentin + CA +

HPDLF). A layer of new collagen (C) adjacent to a layer of old collagen (

observed.

) is
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